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            ABSTRACT 
 
Mariko Frances Weber: Cognitive Control and Affective Processing Dysregulation in Veterans   
                                        with comorbid PTSD and mTBI: an fMRI Study 
 (Under the direction of Aysenil Belger) 
 
Background: Deficits in cognitive control and affective processing are important aspects of comorbid 
PTSD and mTBI for which there are no effective treatments. Understanding the neural basis of symptoms 
and domain specific deficits is an important step in developing therapies for treating individuals with 
PTSD-mTBI. No studies have addressed this question, as most have examined PTSD or mTBI separately. 
We therefore utilize a large functional magnetic resonance imaging (fMRI) dataset to test the relationship 
between individual symptom severity, neurocognitive deficits and task-based functional activation. 
Methods: The relationship between the severity of clinical symptoms and neurocognitive deficits in 
patients with PTSD-mTBI and functional activation during an affective 1-back task, affective face 
matching task, and number Stroop task (n = 100)  was assessed using correlation analysis.  
Results: Activity in cortico-limbic regions, and regions associated with striatal, default mode, and 
salience networks were found to be significantly  associated with increased symptom severity and greater 
impairments in neurocognition.   
Discussion: Our findings suggest that researchers and clinicians should examine individuals neural and 
symptom profiles before making a treatment decision and that unique variable associations should be the 
focus rather than the average of the group as a whole. Furthermore, our results indicate a relationship 
between functional activity and clinical symptoms and neurocognitive deficits that suggest network level 
regional contribution to diagnoses, as well as greater resting baseline activity that is associated with 
increased symptom severity.  
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Chapter 1 - Introduction 
 “It may never be possible to fully distinguish the role of the severity of stress, the capacity for 
resilience to stress effects, and the presence of mild TBI in PTSD-related distress and disability 
because these factors are so complex and intimately entwined” [1]. 
 
1.1 General Introduction & Dissertation Outline:    
Post-traumatic Stress Disorder (PTSD) and mild Traumatic Brain Injury (mTBI) can have 
devastating consequences to individuals who are affected as well as their families. Both are associated 
with psychological and physical sequelae, including high rates of disability and suicide [2]. Although they 
are separate conditions, they frequently co-occur, and the co-morbidity of PTSD and mTBI has received 
increased attention following the recent military engagements in Iraq and Afghanistan. According to a 
2008 Rand Report, 31 percent of troops returning from Iraq and Afghanistan suffer from TBI, PTSD, or 
depression; 12 percent from TBI; 11 percent from PTSD or depression; and 7 percent from TBI with co-
morbid PTSD or depression. Additionally, research on clinical symptom severity and behavioral outcome 
shows that a co-morbid PTSD-mTBI diagnosis results in overlapping and exacerbated symptoms in 
multiple domains, most notably in domains implicated in cognitive control and affective processing [3].  
Disturbances associated with PTSD-mTBI include sleep disruption, irritability, difficulty concentrating, 
slowed thinking, and memory impairment, and co-morbidities such as depression, pain, and substance use 
and somatic disorders.  These disturbances in turn result in veterans faced with increased difficulty 
readjusting to civilian life upon their return, leading to job loss, poor relationship maintenance, and 
disengagement from the community.  
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While significant behavioral and epidemiological research has been conducted to examine brain  
 
mechanisms underlying PTSD and mTBI, leading to an advanced understanding of their clinical 
manifestations,  less is known about the neural mechanisms underlying these disorders and the association  
between the clinical manifestations and specific neural circuits or structures, or their function.  Because 
comorbid PTSD-mTBI diagnoses result in very poor adjustment to daily life, elucidating the neural 
disruptions in PTSD-mTBI associated specifically with core cognitive and affective processing deficits is 
necessary to help understand the disorder and inform treatment. 
To date, scientific research on human cognition and sensory perception has shown that brain 
function is dependent upon activation among a diverse combination of anatomical regions. This process 
occurs along a core synaptic hierarchy which includes the primary sensory, upstream unimodal, 
downstream unimodal, heteromodal, paralimbic and limbic zones of the cerebral cortex [21]. 
Additionally, research on psychiatric and neurologic disease and disorders have resulted in speculations 
that diagnoses such as PTSD and mTBI are related to regional brain changes in proposed brain areas, and 
functional MRI (fMRI) research has been a useful tool in the development of theoretical models of PTSD 
that suggest specific regional aberrant functional activation.  More recently, studies characterizing 
aberrant function in multiple brain regions that may be associated with clinical symptoms have opened 
new and robust avenues for understanding brain functions and their modulation by disease conditions. 
Considering the diverse regional activation and symptoms of comorbid PTSD and mTBI, we might 
expect that brain regions may be differentially related to different domains of symptoms.  
In order to identify neural disruptions and examine associations between regional activation and 
clinical  symptomatology, we designed three separate neuroimaging experiments.  Each neuroimaging 
experiment was designed to probe core domain specific deficits associated with PTSD-mTBI, and we 
assessed the relationships between functional activation in response to specific tasks and clinical 
measures. In the following document, we will first review the clinical dimensions and neuroimaging 
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literature of PTSD and mTBI; describe the methods and results of three neuroimaging experiments; and 
discuss results, limitations, and future directions-implications.  
                              
1.2 Clinical Presentations of PTSD and mTBI 
1.2.1 What is PTSD?  
Anticipating and adaptively responding to events that emerge in everyday life is a critical life-
sustaining function. Evolutionary processes shaped our neural circuitry to consistently be on the side of 
caution, and thereby foster adaptive and protective behaviors. For example, appropriately recognizing and 
reacting to threatening stimuli is vital; PTSD has been associated with a potential disruption in this 
ability. PTSD involves a pattern of dysfunctional responses following exposure to a traumatic event or 
experience involving threat of death or serious bodily harm, followed by a reaction of intense fear, 
hopelessness, and/or horror [22]. PTSD develops when the normal fear response persists chronically and 
is expressed in inappropriate contexts [23]. It is important to highlight, however, the importance of 
individual differences in terms of the relationship between stressors and stress response, as only a small 
number of people develop and maintain PTSD after exposure to trauma. While it is unclear why everyone 
who is exposed to trauma does not develop PTSD, implications have surfaced that suggest that trauma 
severity is linked to the development of PTSD, although the association between trauma severity and 
PTSD diagnoses has never been clear due to the difficulty in separating subjective responses from the 
objective characteristics of traumatic events. Furthermore, trauma severity may provide information about 
why risk is greater for those who develop PTSD versus those who do not, but does not tell us why PTSD 
develops nor does it explain varying levels of symptom severity. Therefore, these diverse psychological 
and biological responses to stress, coupled with varying degrees of trauma severity (type and duration) 
and potential mediators of outcome such as resilience, all play into the clinical dimensions and 
neurobiological underpinnings of PTSD.    
	   4	  
1.2.2 Clinical Dimensions and Diagnostic evaluation of PTSD 
PTSD is diagnosed based on criteria defined by the American Psychiatric Association [24], where 
a diagnosis is confirmed if symptoms in four clusters last more than 30 days. The first symptom cluster is  
re-experiencing, which manifests as flashbacks, nightmares, and physiological reactivity after being 
exposed to reminders of the event. Triggers often include a sound, sight, or smell that causes the 
experience of re-living the event. The second cluster is the avoidance of reminders of the trauma; for 
example, trying to avoid situations, people, conversations, or thoughts that trigger memories of the 
traumatic event. The third symptom cluster is restricted affect or numbing, which includes feeling dead or 
hollow and sometimes having no feelings. The fourth and last symptom cluster is hyperarousal, 
characterized by hypervigilance, exaggerated startle response, and difficulty sleeping or concentrating. 
Those experiencing hyperarousal may operate on “high alert” at all times and are “on guard” constantly 
and who may suddenly become angry or irritable.  
The Clinician-Administered PTSD Scale (CAPS) is the standard assessment used for evaluating 
PTSD, and uses a structured interview to provide a categorical diagnosis [25]. Other examples of 
clinician-rated PTSD measures are the PTSD Symptom Scale-Interview Version (PSS-I) [26] and the 
Structured Interview for PTSD (SI-PTSD) [27]. Self-rated assessments are also available for PTSD, such 
as the PTSD Checklist (PCL) [28]. The main clinical symptom clusters are often associated with 
additional deficits in affective processing; anxiety and depression are common comorbidities. PTSD has 
been characterized by impairments in cognitive function, specifically in working memory, sustained 
attention, response inhibition, self-monitoring, and regulation of incoming information and environmental 
stimuli [29].  Combat-related exposure is one of the most common sources of trauma associated with 
PTSD [30]. In the veteran population, cognitive impairment and behavioral disturbances resulting from 
PTSD often result in readjustment problems after returning home from war. These problems include, but 
are not limited to, relationship difficulties, job loss, substance abuse, and anger and violence [31] that, in 
turn, exacerbate overall symptom severity.  Therefore, PTSD diagnosis as a result of combat exposure is 
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an important research focus driven by the exploration of neural network deficits in the military 
population.  Better understanding of how aberrant neural function relates to clinical symptoms and 
behavioral outcomes will help identify key regions in neurobiological models of specific diagnoses, 
which will ultimately lead to the identification of predictive biomarkers and guide improved treatment 
and outcomes.  
  
1.2.3 mild Traumatic Brain Injury (mTBI) 
1.2.3.1 mTBI Diagnosis and Clinical Evaluation:  
Traumatic brain injury (TBI), more specifically, mild traumatic brain injury (mTBI) is a 
historically recent epidemic and major health issue. While many mTBIs can be acquired by vehicle 
crashes, sports injury, and domestic violence, mTBI has been called the “invisible” war wound and is an 
increasingly common combat-related injury. Veterans often suffer mTBI due to explosive blasts, where 
the production of heterogeneous brain changes due to various mechanisms of injury is common. 
Examples of clinician-rated TBI measures are the Glasgow Outcome Scale (GOS), extended Glasgow 
Outcome Scale (GOSe), and the Disability Rating Scale (DRS) [115]. Self-rated assessments available for 
TBI include the Davidson Trauma Scale (DTS), the British Columbia Post-Concussion Symptom 
Inventory (BC-PSI), and the Neuropsychological Symptom Inventory (NSI) [116]. TBI is diagnosed and 
classified as mild on the consensus criteria [DoD/VA CODE PROPOSAL FINAL [115]. A TBI is mild 
when at least one of the following is present: Glasgow Coma Scale (GCS) 13–15; Loss of Consciousness 
(LOC) 15–20 minutes (less than 30 minutes); some alteration of consciousness; Post-Traumatic Amnesia 
(PTA) less than 24 hours; brief or no hospitalization; and/or no prominent residual neuropsychiatric 
symptoms. mTBI, compared with more severe TBI, is more frequent and difficult to distinguish from 
head traumas without TBI.  
	   6	  
  Consequences of a false-positive or false-negative mTBI diagnosis have a potentially massive 
impact on the individual’s work, family, social, and legal status. For these reasons, consensus criteria on 
the definition and diagnosis of mTBI criteria has been published by several organizations such as the 
American College of Rehabilitation Medicine (ACRM) in 1993, the World Health Organization (WHO) 
in 2004, and the VA/DOD in 2010. The diagnosis of TBI is based on clinical interview, collateral 
information, and review of patient records. 
1.2.3.2 Theories regarding mechanisms of mTBI injury and associated clinical 
symptomatology  
 
There are two dominant theories regarding the mechanisms of mTBI injury. The first is that the 
frontal and anterior cortices are vulnerable to neural contusion [117][118][119][120] while the second is 
that linear and rotational forces act on axon bundles, leading to injury [121][122][123][124]. Unlike more 
severe traumatic brain injuries, the disturbance of brain function in mTBI is related more to dysfunction 
of brain metabolism rather than to blunt injury or clear and isolated damage. The underlying model of 
pathology is better understood as a model of neuronal dysfunction rather than a model of anatomic 
damage. Neuronal dysfunction incorporates disturbances that are, in part, due to a complex cascade of 
metabolic, ionic, and physiologic events. These changes in events ultimately lead to impaired functional 
activity and connectivity changes in neurotransmission and include alterations in release of excitatory 
amino acids, ionic concentration, brain glucose metabolism, and reduced cerebral blood flow with 
possible axonal injury. As a result, the clinical signs and symptoms of mTBI often include cognitive 
impairment such as poor attention, memory, speed processing, and motor function, all of which are 
manifestations of this underlying neurometabolic cascade [125]. In patients with mTBI, post concussive 
complaints are often accompanied by emotional distress for example anxiety, and depression, alongside 
cognitive impairments [126]. All in all, and similarly to PTSD, the sequelae of mTBI includes clinical 
symptoms and cognitive disturbances and emotional and physical changes [127]. Moreover, disentangling 
post concussive complaints from symptoms that are characteristic for PTSD is difficult, which further 
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illustrates that disturbances in emotion and stress regulation are considerably intertwined with the 
presence of complaints post-mTBI [128].  
In individual patients, persistent post-concussive complaints are often unpredictable, even among 
those with similar injuries. Because of this, two important questions in mTBI research are to ask which 
patients are at risk to develop persistent complaints and what about their physiology contributes to this 
risk. The research is conflicted about whether post-concussive symptoms are caused by direct 
neurological injury, emotional and psychological stress, or both [129]. One theory is that patient 
vulnerability to develop persistent complaints may be due to inter-individual differences 
in adaptation[130], which is an individual’s ability to effectively deal with new situations and life events. 
In mTBI, adaptation defines the interplay between post-injury impairments involving stress, cognitive 
processing, and emotional processing. Emotions play a significant role in mTBI recovery, as emotional 
responses to cognitive frustration distract cognitive efforts, and these emotional responses require energy 
that is necessary to the recovery process [131]. The ability to regulate negative emotions and stress is an 
important aspect of adaptation and is reflected by the use of certain coping styles. Active and problem-
directed coping styles are beneficial, in contrast to passive coping styles that have a bias toward negative 
emotions, of which worrying is typical [132]. The assumption has been that patients post-mTBI injury are 
unable to cope sufficiently by regulating their emotional state such that they adapt effectively, which may 
result in the persistence of post-concussive complaints [130]. Therefore, it is safe to assume that the 
neural circuits that underlie effective emotional regulation are good targets for investigation in mTBI. For 
example, what patterns of activation are altered by and/or support different coping mechanisms that may 
ultimately determine the outcome of cognitive and behavioral deficits post-injury? 
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1.3 Cognitive control and affective processing  
Despite differences in clinical presentation,	  both	  PTSD	  and	  mTBI	  are	  characterized	  by	  deficits	  in	  the	  domains	  of	  executive	  functioning	  and	  affective	  processing.	   Cognitive control 
processes are core aspects of executive functions, and encompass domains such as memory, 
planning, problem solving, inhibition, mental flexibility and multi-tasking. Executive functions refer 
to cognitive operations that include task-appropriate response selection, inhibition of task-
inappropriate actions and responses, and control needed to overcome urges to produce more 
favorable customary responses as opposed to those associated with automatic behavior. Executive 
processes are therefore critical in five types of situations: (i) situations involving planning or 
decision-making, (ii) situations that require error-correction or troubleshooting, (iii) situations where 
the responses are not well learned or contain novel sequences of actions, (iv) situations judged to be 
dangerous or technically difficult, and (v) situations that require the overcoming of a strong habitual 
response or the resisting of temptation [4]. Working memory has been associated with dorsolateral 
prefrontal regions [5], self-monitoring and error detection have been localized to the anterior 
cingulate and midfrontal regions [6], planning and sequencing have been linked with anterior frontal 
regions, and inhibition has been associated with anterior insula and inferior frontal regions [7] . More 
global attention and attentional orienting processes depend upon the posterior parietal regions, 
particularly the intraparietal sulcus. Finally, behavioral control of stop-go signals relies on 
subcortical motor regions, including the basal ganglia. These processes are not only crucial for 
normal psychological and social development, but impairments in executive functions have been 
identified as the core feature of neuropsychiatric disorders and clinical diagnoses [8] such as PTSD 
and  mTBI.  
Emotion is another adaptive function critical for survival, and deficits in emotion processing are 
also characteristic of PTSD and mTBI diagnoses [9][10][11]. Emotions result from the outcome and 
evaluation of environmental stimuli and often manifest as cognitive, behavioral, or physiologic reactions 
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that support directed actions. Emotions are critical for determining approach or avoidance behaviors for 
optimal survival functions [12]. Emotions can be either useful or they can be destructive, depending on 
prior subjective experience, context, and the regulation of the emotion itself[13].  Emotion processing 
involves the detection and evaluation of salient stimuli as well as the regulation of one’s emotional 
(affective) response to these stimuli [14]. Models of emotional processes include a number of 
components, such as: (i) attention to and perception of information that could potentially elicit emotional 
responses, (ii) subsequent emotional arousal to such stimuli, and (iii) the regulation of that arousal via 
several potential mechanisms (altering attention or perception of stimuli and arousal responses and/or 
using cognitive reappraisal or other cognitive or behavioral strategies to modulate arousal level. 
Variability in how emotions are experienced and regulated relies heavily upon individual differences 
grounded in personality traits, coping styles, emotional intelligence, and past experiences. These 
processes are not only central to how biological value is assigned to stimuli in one’s environment, but 
deficits in emotion processing are implicated in nearly every psychiatric illness. Reinhard et al [2009] 
have shown that the mere experience of intense emotions can acutely affect bodily functions, and that 
deficits in emotion processing is heavily intertwined in disorders such as PTSD and mTBI [15]. Emotion 
processing has been associated with the amygdala [16][17], thalamus [18], hippocampus [19] and anterior 
cingulate gyrus [20]. 
 
1.4 Neurobiology of PTSD 
Stress response and regulation functions have been consistently associated with PTSD. 
Abnormalities of the hypothalamic-pituitary-adrenal axis have been proposed, with findings of decreased 
cortisol, increased corticotrophin-releasing hormone, and sensitized negative feedback inhibition. 
Abnormal regulation of serotonin, norepinephrine, amino acids, and neuropeptides have also been 
implicated [32]. Based on animal models of fear conditioning, a neurocircuitry model of PTSD has been 
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proposed that involves inadequate frontal inhibition, which has been clinically correlated with the 
inability to suppress attention to trauma-related stimuli [33]. Exaggerated amygdala responses have been 
correlated with increased fear associations and responsivity to potential threat, while a dysfunction of the 
hippocampus has been correlated with the inability to distinguish between safe and unsafe contexts [34]. 
Consistent with this model are human neuroimaging studies in PTSD that have found decreased volumes 
of the pregenual anterior cingulate cortex (ACC), hippocampus [35], left amygdala, and the frontal lobes 
[36] in subjects with PTSD compared to trauma-exposed subjects without PTSD and with normal 
controls. Additionally, white matter (WM) bundles in the prefrontal cortex and near the ACC show 
evidence of disruption [37]. Neurocircuitry model of PTSD can be found in Figure 1.  
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    Figure 1. Neurocircuitry model of PTSD.  
 
 
1.5 PTSD functional Magnetic Resonance Imaging (fMRI) Literature Review  
1.5.1 fMRI Overview  
Functional Magnetic Resonance Imaging (fMRI) is a noninvasive neuroimaging technique that 
procures increased temporal and spatial resolution for investigating fluctuations in brain functioning over 
time within millimeters of neural structures of interest [38][39]. MRI uses a strong magnetic field and 
radio frequency pulses to generate brain images that rely on various characteristics of biological tissue. 
FMRI is acquired using a T2*-weighted imaging protocol, which is used to measure inhomogeneities in 
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the magnetic field caused by blood oxygenation. Specifically, the presence of deoxyhemoglobin in a 
blood vessel causes a susceptibility difference between the vessel and its surrounding tissue. Such 
susceptibility differences cause dephasing of the MR proton signal [40], leading to a reduction in the 
value of T2*. Therefore, the presence of deoxyhemoglobin in the blood vessels causes a darkening of the 
image in those voxels containing vessels [41]. Since oxyhemoglobin is diamagnetic and does not produce 
the same dephasing, changes in oxygenation of the blood can be observed as the signal changes in T2* 
weighted images [41][42][43]. Blood oxygen level dependent (BOLD) fMRI signal has been reported by 
numerous studies over the past decade [44][45][46][47]  to directly reflect neuronal responses elicited by 
a stimulus, and is therefore the reason why fMRI is currently the most widely used method for brain 
mapping and studying the neural basis of human cognition [48]. To study brain function using fMRI it is 
necessary to repeatedly image the brain while a subject is presented with a stimulus or required to carry 
out a task. The images are then compared during one condition to the images during another to see how 
the blood flow differs between the two. The success of the experiment is dependent on three aspects; the 
scanning sequence used, the design of the stimulus paradigm, and data analysis.  
1.5.2 fMRI and PTSD 
FMRI is an important method for further investigating the neurocircuitry of PTSD. Liberzon and 
colleagues (2008) hypothesized that impaired contextualization represents a pathophysiological 
mechanism in posttraumatic stress disorder (PTSD) [49]. Specifically, impaired contextual signaling 
might lead to reduced ability to use external and internal contextual cues to select the most appropriate 
behavioral response [49] from a variety of competing options. In both rodents and humans, brain 
structures involved in contextual signaling during conditioning and extinction include hippocampus, 
amygdala, and ventromedial prefrontal cortex (mPFC). In particular, hippocampus plays a crucial role in 
mediating the activation of a specific memory by its associated context [50][51][52][53][54]. A target 
region of this hippocampal mediation of contextual selectivity is the amygdala, which plays a central role 
not only in the acquisition and expression of fear, but also in extinction learning [55][56] [57][58] . 
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Another region that modulates amygdala responses is the vmPFC.  The vmPFC receives strong 
hippocampal projections and is densely connected to the amygdala [59][60][61]. Inhibitory control by 
vmPFC over the amygdala has been revealed in numerous studies [62][63]. In animal studies, the rat PFC 
is subdivided into infralimbic (IL) and prelimbic (PL) regions. IL facilitates fear inhibition [63], whereas 
PL facilitates fear expression [64]. The human homologues of IL and PL are thought to be vmPFC and 
dorsal anterior cingulate cortex (dACC), respectively [65]. Both structures receive modulating input from 
the hippocampus [60][66][67]. The above-mentioned structures have been shown to be dysfunctional in 
PTSD subjects across a variety of paradigms such as symptom provocation and active task 
paradigms[68]. Rauch et al [2006] provided evidence for a neurocircuitry model of PTSD that implicates 
the amygdala, medial prefrontal cortex (mPFC), and hippocampus as dysfunctional in PTSD individuals 
[34] . According to this model, the amygdala is hyper-responsive, which leads to an exaggerated fear 
response. In contrast, regions of the mPFC including rostral anterior cingulate cortex (rACC) and ventral 
medial frontal gyrus are hypo-responsive and fail to inhibit the amygdala. This hypo-responsivity may 
also be related to impaired fear extinction in PTSD. Finally, abnormal hippocampal function may underlie 
declarative memory impairments and deficits in identifying safe contexts in PTSD. Emerging evidence 
suggests that the dorsal anterior cingulate cortex (dACC) may be hyper responsive in PTSD and play a 
role in this disorder [69] . Although this model did not originally include the insula, recent findings 
suggest that the anterior insula may be functionally abnormal and related to symptoms of numbing 
(dissociation, lack of feeling) in PTSD [70][71].  
  
1.5.3 fMRI paradigms in PTSD 
Common tasks used in neuroimaging studies examining PTSD include both symptom provocation 
and active task paradigms. Symptom provocation paradigms often use provocative and neutral or 
innocuous stimuli.  For example, participants are instructed to passively view trauma-related images such 
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as graphic war images and emotionally neutral images (control condition) such as pictures of animals or 
nature scenes. While there is some discrepancy in neuroimaging findings, multiple studies have shown 
exaggerated limbic response coupled with decreased medial prefrontal activation [72][73][74][75], 
including Shin et al. (2005) showed that patients with PTSD experience heightened amygdala responses 
in response to traumatic imagery, accompanied by diminished mPFC activity, compared to healthy 
controls [76]. These findings support the hypothesized neurobiological model of PTSD-related neural 
circuit dysfunction that is characterized by a hyperactive amygdala and hypoactive mPFC. The 
hyperactive amygdala suggests a failure to extinguish conditioned fear responses and hypoactive mPFC in 
the ineffective modulation of bottom-up information provided by the amygdala. Dysregulation of the 
insula, which is involved in integrating emotional feelings and body physiology, has also been observed 
[77][78]. All in all, findings from studies using symptom provocation paradigms have provided a 
theoretical model of neural circuitry underlying PTSD that includes aberrant activity in the mPFC, 
amygdala and insula. 
Active task paradigms are most often designed to probe the circuitry responsible for affective 
processing and executive function, separately and together. Examples include emotional and memory 
recall memory[79] memory encoding [80] counting Stroop, and emotional Stroop [81][82][83]. Studies 
that implemented tasks with emotional stimuli of backward-masked images of combat and noncombat 
content and masked-fearful versus masked-happy faces in PTSD versus non-PTSD and PTSD versus 
combat exposed non-PTSD groups consistently showed hyper responsivity in the amygdala in the PTSD 
group [84][85][74][34]. Insula hyperactivity was also observed during a memory retrieval task that 
included non-trauma-related emotional information in a PTSD versus trauma-exposed control group 
[86][87][88][89]. Additionally, of the few neuroimaging studies that have examined hippocampal 
function, there has generally been mixed findings. For example, hypo-activity was observed during a 
verbal declarative memory task in a PTSD versus control group [80][90] and hyperactivity during an 
emotional declarative memory task in PTSD versus no trauma controls [86] [91]. Decreased hippocampal 
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findings have been argued to account for deficits in identifying ‘safe’ contexts as well as in explicit 
memory [92][93]. Additionally, Shin et al. (2007) reported that diminished hippocampal findings in 
PTSD was due to greater hippocampal blood flow in the baseline condition, as well as across all 
conditions [94].   
The majority if neuroimaging studies have found relative reductions in ACC function. For 
example reduced ACC activity was observed during an oddball task requiring response to salient non-
trauma targets and hypo responsive activity was detected in the dACC during an emotional Stroop task in 
veterans with PTSD versus veterans with no PTSD, and during the presentation of traumatic narratives 
[81][95][96][97]. Bremner et al (2005) observed extinction after fear conditioning to be associated with 
diminished activation in the ACC in PTSD [98].  It is important to note however, that while the majority 
of studies have reported relatively diminished activation of medial prefrontal cortical regions in PTSD, a 
few studies have yielded discrepant results, such as both increased and decreased activation in this region 
[99][100] or increased activation [34][101][102]. Possible explanations for such discrepancies may lie in 
the imaging techniques used or in the dissociative state of the participants. Patients with PTSD who 
dissociated during traumatic narratives had greater activation in medial prefrontal cortex than control 
subjects [103] whereas patients who did not dissociate had relatively less activation in this region than 
control subjects [95].   
Hypo-activation to tasks engaging more frontal regions have been observed in the OFC during an 
emotional counting Stroop task using aversive pictures and autobiographic narratives in PTSD versus 
non-PTSD groups [104][105][86][49]. Additionally, in a study of PTSD veterans versus veterans without, 
exaggerated dlPFC deactivation was observed during cognitive reappraisal versus passive viewing 
content of aversive stimuli [100] [106][107][108]. In a study of PTSD versus controls using an emotional 
declarative memory task, the PTSD group showed increased activation in the vlPFC [109][[91]. 
Attenuated response was observed in the mPFC and magnitude negatively correlated with PTSD 
symptom severity in passive viewing of traumatic images of veterans with and without PTSD 
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[34][105][106][110][111]; decreased vmPFC activity was reported during a classic inhibition task 
[112][89].  
In summary, multiple studies indicate aberrant activity in cortico-limbic circuitry, including the 
prefrontal cortex, amygdala, insula, and hippocampus, making these key regions consistently good 
candidates for investigation in PTSD-related neuroimaging studies [83], consistent with the hypothesis 
that PTSD deficits may be, in part, caused by inadequate inhibition of the limbic system [113] by the 
prefrontal cortex. Neuroimaging studies have also helped illustrate that PTSD symptoms are maintained 
by hyperactive amygdala centric functional networks [49][34][114] in parallel with the diminished 
activation of top-down inhibitory control networks.  
1.6 mTBI Imaging and Overview 
Neuropathological and neuroimaging studies in humans also show that blunt force damages due 
to TBI cause white matter changes characterized by axonal stretching, disruption, and eventual 
separation of nerve fibers [135][117]. TBI neuroimaging studies demonstrate volume loss that 
correlates with TBI severity in nearly every brain region, with strongest correlations observed in the 
frontal, temporal, and cingulate regions [136]. Additionally, both diffuse WM damage and damage to 
distinct WM bundles, such as the superior longitudinal, uncinate, external capsule, internal capsule, 
corpus callosum, and others have been described [137].  
While animal studies indicate that diffuse axonal injury occurs after mTBI [133][134], ,established 
neuroimaging modalities typically used in TBI research often fail to detect any structural brain alterations in 
patients with mTBI [138]. The lack of observed structural changes occurs even though these same patients 
report post-concussive complaints. These negative imaging findings often contribute to the debate 
mentioned, which attempts to address whether post-concussive complaints result from cerebral damage or 
maladaptive behavior [139]. FMRI studies have largely focused on the role of brain network behavior in 
relation to mTBI-related cognitive problems, due to how often cognitive complaints are reported in 
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conjunction with post-injury complaints. These studies have demonstrated abnormalities in several brain 
networks, including the salience and default mode [140] [141][142]. Few studies have investigated the role 
of networks in emotion processing and post-concussive complaints, even when anxiety and depression are 
common comorbidities [133].  
Several fMRI studies investigating mTBI showed that a group of regional activity consistently 
increased compared to control groups. Nathan and colleagues, in a study on working memory 
performance in patients with mTBI depression, reported increased activity of areas within the DMN and 
decreased activity of areas associated with executive functioning [143]. Using both auditory and visual N-
back tasks, McAllister et al. (2001) found that, compared with controls, those with mTBI showed 
increased activation while completing moderately difficult tasks and decreased activation as complexity 
increased [144]. In a separate study, the group also found that prefrontal activity was greater than controls 
even when symptoms had resolved [145]. 
Other studies found that mTBI patients show decreased activation in frontal regions including 
MFG, ACC, and right precentral gyrus [146][147]. Likewise, Chen et al. (2007), Mayer et al. (2011), and 
McAllister-    et al. (2011) found decreased activation in dlPFC, which may be related to deficits in 
executive function [148][149][150]. Research suggests that cognitive performance in these patients puts a 
demand on executive areas that are also required for emotional control, resulting in less availability of 
these resources for emotion regulation. These findings align with the point of view that the executive 
networks are highly important and necessary for emotion regulation and mental health [151]. Based on 
these findings, it is possible that the extra effort necessary for completing tasks affects the ability to 
regulate emotion and that this is may be due to inefficient executive network function due to injury.  In the 
mTBI population, global injury may result in increased overall efforts for everyday tasks, where if the task 
becomes too difficult, the requirement for resources is more than the injured brain can handle. This lack of 
cognitive resources may also be related to mental exhaustion often reported by mTBI patients [152].  
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Therefore, based on mTBI neuroimaging literature and common post-concussive complaints, we 
can assert that mTBI can affect a widely distributed network of structures and that these disruptions lead to 
deficits in multiple domains. The measureable specifics of these effects, however, are undetermined.  It may 
be that due to widespread injury, neural networks responsible for executive function are over-compensating 
and that this over-compensation leads to a lack of resources for emotional regulation.  
 
1.7 Rationale of current study: Distinct neural and clinical correlates of              
co-morbid PTSD and mTBI diagnoses  
 
        Up to half of returning service members who have sustained a mild traumatic brain injury 
(mTBI) have also experienced life-threatening events that result in (PTSD). A cross-sectional study of 
Iraq and Afghanistan veterans found that PTSD was the strongest factor associated with post-concussive 
symptoms, even after removing overlapping symptoms from the PTSD score [153]. Young and 
colleagues (2006) found that in combat veterans PTSD is an important mediator between TBI and poor 
health outcomes [138], and Howlett and colleagues (2014) found that the association between TBI and 
functional impairment disappeared after controlling for PTSD [154].   
The risk of PTSD increases when TBI is sustained, likely because the areas of the brain that are 
most vulnerable to TBI (i.e., the frontotemporal regions) are the same as those implicated in PTSD [31] 
[155]. Substantial symptom overlap between PTSD and mTBI includes depressed mood, anxiety, 
insomnia, irritability, difficulty concentrating, fatigue, hyperarousal, and avoidance. Emotional numbing, 
derealization, reduced awareness of one’s surroundings, depersonalization, and amnesia are also related to 
either PTSD or mTBI [156], and there is substantial evidence supporting cognitive and affective sequelae 
associated with mTBI are compounded by the presence of PTSD symptoms. 
It is possible that symptoms of PTSD are more prevalent after mTBI because the cognitive 
deficits that occur immediately after brain injury can interfere with the formation of coherent and well-
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integrated trauma memories and emotional regulation [157][113][155]. In addition, loss of inhibitory 
control of the limbic system related to TBI may exacerbate PTSD symptoms [155]. Equally, individuals 
who experience prolonged or posttraumatic stress before sustaining a mTBI may experience greater 
cognitive impairment after brain injury due to additive effects [158][159]. Beyond the overlap in 
symptoms, there may also be more complex interactions between the symptomatology of PTSD and 
mTBI. For example, pain related to a traumatic injury may serve as a trigger for the re-experiencing 
symptoms of PTSD [160]. 
     Cognitive deficits such as information processing speed and executive functioning have been 
found to be significantly impaired in veterans with mTBI when symptoms of PTSD were also present 
[161]. Fronto-striate networks are thought to play an important role in executive processing and can 
include regions such as the dorsolateral prefrontal cortex (dlPFC), ventrolateral prefrontal cortex (vlPFC), 
dorsal anterior cingulate cortex (dACC), orbitofrontal cortex (OFC), and medial prefrontal cortex 
(mPFC). Neuroimaging findings suggest that activity in these regions are decreased in PTSD and TBI but 
the biological basis underlying deficits seen in executive functioning in comorbid PTSD-mTBI remains 
unknown.  
       Additionally, the combination of TBI and PTSD in veterans has been linked to affective 
dysregulaiton, for example  problems with anger and violence [162][163]. Affective processes regulate 
emotion and the behavior driven by emotion, and rely on key regions of the brain including the amygdala 
(AMY), insula (INS), hippocampus (HC), and ventral anterior cingulate cortex (vACC). These difficulties 
are presenting symptoms of service members seeking mental health services post-deployment and have 
been shown to predict poor treatment outcomes in OEF/OIF veterans [163]. Moreover, cognitive 
impairment and behavioral disturbances resulting from comorbid TBI and PTSD are likely to result in 
consequences such as relationship difficulties, job loss, and substance abuse, which in turn increase 
feelings of anxiety and anger [31].  
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     Studies of PTSD and mTBI suggest an overlap between PTSD and mTBI in findings of the 
sensitization of the amygdala and hippocampus and aberrant dlPFC/MFG and OFC activity [164]. There 
are no known studies to date that examine the role of both executive dysfunction and emotional 
dysregulation in a PTSD-mTBI population and how these deficits relate to clinical symptoms.  The 
neuroimaging findings mentioned above suggest that frontal lobe and limbic system dysfunction have a 
large part in cognitive and emotional sequelae by reducing the capacity to adapt to environmental change 
and process emotional and non-emotional stimuli. Hoffman and Harrison (2009) focus on these prefrontal 
regions as being important in the comorbidity of PTSD and mTBI, suggesting that when TBI occurs 
during a traumatic event, a flood of stress hormones reduces repair and limits recovery [165].  
      In summary, PTSD and mTBI share neuropsychological and functional neuroanatomical 
characteristics [113]. It is hypothesized that prefrontal cortex damage in mTBI can lead to disinhibition of 
cerebral structures that control fear and anxiety. Reactive systemic inflammatory processes related to 
mTBI may also impair psychological health, and impaired psychological health may lead to increased 
psychological distress that impedes brain repair due to release of stress-related hormones. 
Neurocognitively, PTSD and mTBI overlap within the domains of attention, working memory, executive 
functioning and episodic memory [166][155]. Correspondingly, imaging studies implicate abnormalities 
in cortico-limbic circuitry in both disorders [167]. The potential overlay of mTBI-related neural and 
neuropsychological compromise onto similar abnormalities is thought to play a role in perpetuating PTSD 
and may offer clues as to why TBI is associated with increased risk of PTSD. 
      However, to date, no models have been proposed regarding the brain networks disrupted in mild 
traumatic brain injury (mTBI) or in combined mTBI-PTSD, making this a research area particularly in 
need of exploration.  While there is evidence of clinical overlap between PTSD and mTBI and studies 
have investigated brain circuits in both of these conditions,  there has been little empirical research into 
studies that aim to identify the overlapping neural networks, and specific associations between network 
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function associated with specific executive function and affective regulation domain deficits and clinical 
symptom severity.  
     Therefore, based on key findings in PTSD and mTBI literature, and the knowledge that in the 
presence of one another clinical symptom severity and cognitive deficits are exacerbated, we proposed a 
study seeking to identify aberrant activation in regions within the cortico-limbic and fronto-striate circuit 
associated with symptom severity and neurocognitive deficits in PTSD- mTBI. Our study has three aims, 
each implementing independent functional neuroimaging tasks designed to probe both affective and 
executive function in order to examine the associations between task-based brain activity and symptom 
severity.   
Aim 1: To measure the relationship between individuals’ PTSD-mTBI symptom severity and activity 
during an affective face matching task. The relationship between functional BOLD activation (in response 
to the face relative to object target) and symptom severity was assessed by measuring the correlation 
between symptom severities and functional activation. The severity of PTSD symptoms has been 
associated with increased functional activity in limbic areas, which are known to be interrogated by 
emotional face matching tasks. We expect that individual symptoms and deficits in neurocognitive 
function will be positively correlated with patterns of functional activity. This aim will be addressed in 
Chapter 2.  
Aim 2: To measure the relationship between individuals’ PTSD-mTBI symptom severity and activity 
during an affective 1-back working memory task. The relationship between BOLD activation in response 
to either the object relative to baseline condition, face relative to baseline condition, and face relative to 
object condition and severity of symptoms and neurocognitive deficits will be assessed by measuring the 
correlation between symptom severities and functional activation. The severity of PTSD symptoms has 
been associated with decreased functional activity in frontal and parietal areas that are known to be 
interrogated by working memory tasks, as well as increased limbic regions related to affective processing. 
We expect that individual symptoms will be correlated with patterns of decreased functional activity in 
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response to the working memory component, patterns of increased functional activity during the affective 
face processing component, and even greater increased and decreased patterns of activation in frontal and 
limbic regions when examining effects of the combined working memory and affective face processing. 
This aim will be in Chapter 3.  
Aim 3: To measure the relationship between individuals’ PTSD-mTBI symptom severity and activity 
during a number Stroop task. The relationship between BOLD activation in response to the [Incongruent-
Congruent] condition and PTSD symptom severity or neurocognitive deficits will be assessed by 
measuring the correlation between symptom severities and functional activation. The severity of PTSD 
and mTBI has been associated with decreased functional activity in cognitive control areas, which are 
known to be interrogated by the Stroop task. We expect that symptoms and neurocognitive deficits will be 
negatively correlated with patterns of functional activity in cognitive control areas. This aim will be 
addressed in Chapter 4.  
The application of these methods in PTSD-mTBI should allow for improved identification of 
neural correlates of clinical symptoms associated with this diagnosis. These neural correlates may help 
researchers to develop better tests for new medical treatments and to select less heterogeneous groups for 
research based on measurable biomarkers. No studies to date have used fMRI to investigate underlying 
neural mechanisms of comorbid PTSD-mTBI specific to overlapping deficits in executive function and 
affective processing, as well as examine relations between functional activation and clinical symptom 
severity.   The current study examines brain-behavior associations between measures that were chosen to 
highlight overlapping cognitive deficits and symptoms related to PTSD-mTBI diagnosis. Additionally, 
the results indicate complex individual differences under the same diagnosis.   
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Chapter 2- Neural correlates of affective processing in PTSD-mTBI 
2.1 Background 
Studies have shown that the affective sequelae associated with mTBI are compounded by the 
presence of PTSD symptoms among veterans who have served in Operation Enduring Freedom and 
Operation Iraqi Freedom.  Schneiderman et al. (2008) showed that the strongest factor associated with 
postconcussive symptoms was PTSD, Hoge et al. (2008) found that mTBI among soldiers was 
significantly associated with PTSD and  physical health problems after returning home war, and two other 
groups have found strong links between comorbid PTSD-mTBI and anger and violence [168][169][162]. 
Postconcussive symptoms related to mTBI and symptoms reported in PTSD are characterized by deficits 
across multiple domains, however overlapping symptoms reported in PTSD-mTBI are typically 
associated with affective processing. While there has been extensive research on PTSD and mTBI 
separately, there remains an outstanding need to evaluate the associations between the neural function 
underlying deficits in affective processing in patients with PTSD-mTBI and associations with symptoms 
common to both. 
A common element of PTSD may be an abnormally elevated fear response, fear and avoidance of 
trigger cues are common to many anxiety disorders (APA) and resemble the arousal and avoidance 
responses shown by normal subjects to conditioned fear cues [170][171].  Additionally, a hallmark 
symptom of those affected by PTSD is to have aggravated emotional responses to innocuous everyday 
stimuli. Based on animal models of fear learning [16][172], this hypothesis leads to the prediction that 
amygdala dysfunction is also common. Indeed, amygdala hyperactivity has been observed during 
symptom provocation or negative emotional processing in patients with PTSD [173][81][76][174], where 
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findings have led to a theoretical model of PTSD that involves hyper-responsivity in the amygdala as well 
as other regions involved in emotional processing. Neuroimaging studies of PTSD have revealed 
hyperactivation in the insula and amygdala [175][176], where activation has been associated with 
stressresponses. Specifically, activation in the amygdala has been strongly linked to negative affective 
states in PTSD [177][178][179][78]. In order to examine affective circuits in PTSD, many neuroimaging 
studies have used reliable face tasks to probe affective circuits to better understand PTSD symptomology 
[99][88][180]. While face tasks do not use trauma-related stimuli and do not directly provoke re-
experiencing symptoms in PTSD, they do require the evaluation of social emotions. Therefore, they 
appear to provide a method to measure affective circuitry in a theoretically and clinically meaningful way. 
Neuroimaging findings have not been as consistent in PTSD as it has been in other anxiety disorders 
[181] but research has supported the hypothesis that PTSD is in part due to the manifestation of 
ineffective top-down inhibitory modulation of limbic circuitry by the prefrontal cortex [178][49].  
With regards to neuroimaging findings in mTBI, findings support aberrant network activity in 
several brain networks [182][142][153] . However, these studies mainly focused on the role of brain 
network function in relation to cognitive problems post-mTBI, whereas few studies have investigated the 
role of networks regarding affective processing and postconcussive complaints. Yet, anxiety and 
depression are common post-mTBI and are associated with cognitive complaints and vocational outcome 
[126][139]. These findings highlight the need to sufficiently explore functional brain activation related to 
affective processing and postconcussive symptoms.  
In the current study, we aimed to map neural responses in regions implicated in affective 
processing and relate them to symptom severity and neurocognitive measures in PTSD/mTBI. We 
recruited a cohort of combat-exposed veterans diagnosed with both PTSD and mTBI to complete an fMRI 
based emotional face-matching task that reliably activates the amygdala [183] and associated limbic 
regions. Based on the literature described above, we hypothesized that PTSD-mTBI diagnosed individuals 
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would show greater limbic circuit activation during response to face targets as symptom severity and 
neurocognitive deficits increase.  
 
2.2 Methods 
Participants  
Veterans between the ages of 18-65 with a diagnosis of both PTSD and TBI, and who have served at least 
one tour of duty in Iraq or Afghanistan since October 2001 were recruited from UNC Hospitals and the 
Durham VA Medical Center. A total of 100 veterans provided written informed consent before enrolling 
in the study and The University of North Carolina Institutional Review Board (IRB) approved the project. 
Participant demographic information can be found in Table 1. MRI exclusionary criteria were applied, 
and participants were excluded for metal in the body or pregnancy. Diagnoses confirmation: The 
Davidson Trauma Scale (score>48) [184] was implemented to confirm PTSD. Veterans with a previous 
TBI both confirmed that during military service, their head was hurt or injured such that problems arose 
and endorsed at least one of the following: (a) loss of consciousness or getting “knocked out,” (b) being 
dazed or “seeing stars” immediately after their head injury or upon regaining consciousness (c) being 
unable to recall the event immediately after the injury or upon regaining consciousness,(d) took over one 
hour before veteran started remembering new things again, or (e) brain surgery was required after the 
injury. Demographic information for 100 participants can be in found in Table 1. 
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Table 1. Demographic and assessment data for all participants (N=100) showing the 
group mean and standard deviation. CAPS scores above 60 are considered PTSD; 6 
is the average score for a non-clinical population on the Digit Backwards; the range 
for DAR is 0-56; CTS is calculated based off a 7-point scale where midpoints are 
averaged; and the BIS range is 0-120.  
 
 
 
Assessments 
The Clinician Administered PTSD scale for DSM-IV (CAPS) [25]  was used to measure total PTSD 
symptom severity, as well as re-experiencing (B), avoidance and numbing (pulled from C), and hyper-
arousal (D). The non-planning, self-control, and total factors Barratt Impulsivity Scale (BIS-11) [185] 
were used to measure impulsivity. The Stroop color word interference portion of the Delis-Kaplan 
Executive Function System (D-KEFS) [186] was used to measure selective attention. We used the Digits 
Span portion of the Wechsler Memory Scale-III (WMS-III) [187] to assess working memory. Violent 
behavior was measured using the Conflict-Tactics Scale (CTS)[188], and we measured anger using the 
	   27	  
Dimensions of Anger (DAR)  [189].  
Stimulus Presentation 
Task: An emotional face-matching task was administered as a single run. This particular task has been 
previously found to yield reliable activation of the amygdala and fusiform gyrus [190][183]. During this 
task, which was adapted by Hariri et al (2002), participants performed 1 run consisting of 4 blocks of 
perceptual face-processing conditions interleaved with 5 blocks of sensorimotor control conditions [183]. 
Face-processing condition: each trial consisted of a presented image with 3 faces expressing either fear or 
anger, oriented such that participants were instructed to match either one of the bottom face stimuli to the 
top, by pressing button 1 if the left image matches and button 2 if the right image matches. There were no 
trials in which the same face appeared with different expressions, and both face and expression matched 
for the matching item. Each face-processing block consisted of 6-trials, balanced for gender and target 
affect (angry or fearful). Face stimuli were derived from a standard set of pictures of facial affect [191]. 
Sensorimotor control condition: each trial consisted of images with 3 geometric shapes (circles and 
vertical and horizontal ellipses) and each block consisted of 6 different shape trials. For the shape trials, 
identical to instructions for the face trials, participants indicated with a button press which of the 2 bottom 
shapes matches the top one. All blocks were preceded by a brief instruction “match faces or “match 
shapes” that lasted for 2s. In both conditions times, each trial was presented for 5 s without ISI, for a total 
block length of 30 s. The total task run-time was 5minutes. Previous studies using this paradigm have 
demonstrated reliable and consistent robust activation of the amygdala and fusiform gyrus during the 
processing of the emotional faces [183]. 
fMRI Procedures  
Acquisition: A 3T Siemens Magnetom TimTrio syngo MR B17 was used to acquire images. Whole-brain 
images were collected using an echo-planar-imaging sequence aligned parallel to the bicommissural line,  
(TR: 2000 ms, TE: 25 ms, voxel size: 4.0mm3, 64 x 64 matrix, 36 slices, FoV: 256 mm, FoV phase: 90.6 
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%, flip angle: 80 degrees). Functional runs were preceded with four discarded RF excitations. High-
resolution T1-weighted anatomical images were acquired using an MP-RAGE sequence (sagittal plane, 
1mm3 TR: 2300ms, TE: 2.98ms, 256 x 256 matrix, FoV: 256 mm, FoV phase: 93.8%, flip angle: 9 
degrees). Signal-to-noise ratio, and displacement of the center-of-mass were assessed for each scan 
session to ensure image quality. No participant had greater than a 4-mm deviation in the center of mass in 
any plane [192]. 
Data Analysis 
Analysis of functional data was carried out using FSL version 5.98 [Oxford Centre for Functional 
Magnetic Resonance Imaging of the Brain (FMRIB), Oxford University, U.K.] [193].  Paradigm timing 
files were converted to an FSL compatible format followed by the generation of NIFTI image data files. 
Preprocessing (first-level analysis) was applied to individual subjects’ data which included non-brain 
extraction, motion correction using MCFLIRT [194], spatial smoothing using a Gaussian kernel of 
FWHM 5 mm,  mean-based intensity normalization of all volumes by the same factor and high-pass 
filtering [168][169]. Functional images of each subject were co-registered to structural images in native 
space, and structural images were normalized to structural Talairach standard images, defined by the MNI 
standard brain supplied by FSL. All registrations were carried out using an intermodal registration tool 
based on the correlation ratio [195]. Pre-whitening was estimated and corrected using FMRIB’s Improved 
Linear Model (FILM)[196]. Onset times of events were used to model a signal response containing a 
regressor for each response type, representing average signal change above baseline during the [Face-
Object] condition contrast of interest.  7 regions of interest were then defined a priori using the Harvard-
Oxford Cortical and Subcortical Structural Atlases (version 3.0.3) in MNI space. These regions are shown 
in Table 2 and were chosen based on positive fMRI results in previous studies using this same task, as 
well as findings of aberrant activity in PTSD literature. Featquery was used to calculate the mean percent 
signal change from the parameter estimate maps for each ROI mask [197]. This was done for each 
participant using data generated from the [Face-Object] contrast. Mean percent signal change for each 
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region of interest was then correlated with pre-selected neurocognitive and clinical symptom severity 
measures using Pearson’s correlation. Values more than 3 standard deviations from the mean of the other 
data and outcome data with the value of zero, were all set to missing. 
 
Table 2 Summary of brain regions with references chosen a priori for  
ROI correlation analyses 
 
 
 
2.3 Results  
Behavior 
Participants performed well on both the face and object matching conditions. Average accuracy (% (SD)) 
to face targets was 0.95(0.14) and to objects was 0.90(0.15). Average latency ms (SD) to faces was 
1545(498) and to objects was 1358(426). Summary of results can be found in Table 3. 
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Table 3 Behavioral task results. Summary of performance data during the 
emotional face condition and objects condition. Group average accuracy and 
latency are reported by mean and standard deviation. 
 
 
 
Whole-Brain 
Full brain group activation maps were obtained from the [Face>Object] condition confirmed activation in 
the amygdala, fusiform and hippocampus, which were part of the a priori regions selected for correlation 
analyses.   Activation was found in the amygdala, hippocampus and fusiform gyrus, and also in the 
pallidum. Images of full brain group activation maps can be found in Figure 2. 
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Figure 2 Full brain group activation maps depicting brain regions activated by the [Face>Object] condition. 
A) z= 39  B) z= 27  C) FSL generated image depicting region of interest masks used in correlation analyses 
as defined by the Harvard Oxford Cortical/Subcortical Atlas z=30. Insula=Green; Amygdala=Blue; 
Hippocampus=Orange; Fusiform Gyrus=Red; Orbitofrontal Cortex= Pink 
 
Region of Interest Correlation Analyses: correlations of brain activation and behavioral measures 
 The [Face-Object] condition was analyzed in order to isolate activation in a priori regions of 
interest during angry or fearful face processing. Data representing mean percent signal change for each 
region was then used in correlation analyses to determine significant associations between regional brain 
activity and cognitive or clinical measures of interest.  
A summary of significant correlations as determined by Pearson’s R correlation analyses 
included: re-experiencing with activation in the fusiform gyrus  (r=-.38, p=.0003), right hippocampus (r=-
.25,p=.015), right amygdala (r=-.23,p=0 .02), and left hippocampus (r=-.23,p= .02); Anger with activation 
in the fusiform gyrus (r=-.29,p= .005); PTSD total symptom severity with activation in the fusiform gyrus 
(r=-.30, p=.004) and left hippocampus (r=-.23, p=.02); and measures of violence with activation in the 
fusiform gyrus (r=-.24, p=.02).  
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All significant correlations suggest that as symptom severity increases activation in limbic regions 
decreases. A summary of significant findings can be found in Table 4, and plots can be found in Figure 
3. A summary of all comparisons including null results can be found in Table 5.  
 
Table 4 Statistically significant (p<.05) results depicting associations between 
activation from ROI analyses to the [Face>Object] task condition and clinical or 
neurocognitive measures.  
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Table 5 Summary of all comparisons between a priori ROI activation and clinical and neurocognitive                      
measures specific to the  [Face>Object] condition and clinical or neurocognitive measures  
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Figure 3 Correlation graphs showing signification correlations (p<.05) between either cognitive 
or clinical measures and regional mean percent signal change in response to the [Face> Object] 
task condition. A) Re-experiencing correlated negatively with left hippocampal activation.B) Re-
experiencing correlated negatively with right hippocampal activation. C) Re-experiencing 
correlated negatively with fusiform gyrus activation. D) Re-experiencing correlated negatively 
with right amygdala activation. E) Total CAPS score negatively correlated with left hippocampal 
activation. F) Anger negatively correlated with fusiform gyrus activation. G) Total CAPS scores 
negatively correlated with fusiform gyrus activation.  
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2.4 Discussion 
 In the present study, when PTSD-mTBI participants viewed fearful and angry faces relative to 
objects, activation was observed in the fusiform gyrus, right and left hippocampus, and the right 
amygdala. The observed activation was significantly negatively correlated with measures of re-
experiencing. Additionally, increased total PTSD symptom severity and measures of anger and violence 
were found to be related to decreased fusiform activation.  
Results from functional neuroimaging research of emotion processing in PTSD has generally 
supported the hypothesis that the amygdala is hyper-responsive and the mPFC is hypo-responsive. 
Hippocampus functional abnormalities have also been reported, and while the direction of activation 
tends to vary, aberrant activation has been linked to deficits in explicit memory and the identification of 
safe contexts. Therefore, in this study we hypothesized that the proposed regions traditionally associated 
with affective processing and facial emotion processing would increase in activation as severity increased. 
However, what we found was the opposite: regional activity associated with emotional face processing 
decreased as severity increased. In other words, we found blunted response in these regions.  It is 
important to note that besides modulating emotional responses, the amygdala is thought to interact with 
sensory processing via back-projections and also modulates the fusiform cortex and early sensory 
processing regions [16][198][199] which may in part explain some of our findings  Specifically, that we 
found the same direction of activation in the fusiform as well as the amygdala and that activation in these 
regions were found to be significantly related to symptoms of re-experiencing.  
Previous studies mentioned above suggest that FFA activity often follows the same activation 
patterns as those observed in the amygdala [145][173]; our significant findings in these regions in 
response to emotional faces agree with this literature. However, while most studies have reported 
increased amygdala and fusiform activation associated with increased PTSD symptom severity, it is 
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possible that in this cohort those with greater symptoms may exhibit higher “at-rest” baseline activity, and 
may therefore reflect a “ceiling effect.” Such a ceiling effect may explain their reduced activation relative 
to those who have less severe symptoms. Alternatively, subjects may have increased activation in these 
regions during object processing, which may lead to smaller relative face-specific activation. We may 
also conclude that as symptom severity increases and the observed ceiling has been reached, there has 
been an allocation of additional cognitive resources for emotional processing in regions that we did not 
investigate. Additionally, the fusiform gyrus has been found to show a strong response to images with 
trauma-related content [74]. While our study does not use trauma-related images, the task stimuli do 
possess emotional information, which could be contributing to the significant findings specific to 
increased affective dysregulation relating to limbic and fusiform activation . In addition, activation in the 
fusiform gyrus and amygdala may also support the notion that traumatic and stressful events could 
modify visual processing by the limbic system (e.g. the amygdala). 
Decreased amygdala activation has been found in a few studies [96][200] using traumatic versus 
neutral scripts in a cohort of PTSD versus trauma-exposed with no PTSD, and PTSD versus no trauma-
exposed groups. Britton et al. (2005) suggested that decreased amygdala activation might be due to how 
individuals cope with an intense, potentially overwhelming memory, a possible “shut-down” effect [73].  
In our study, this theory could be applied to our amygdala findings, and also extend to hippocampal and 
fusiform activation-based findings. While our study did not use script-driven tasks, decreased activation 
could be due to the effects of coping mechanisms that are efficient during task completion, but that are 
not translating to everyday life and changes in situations (related to symptoms and measures of anger, 
violence, re-experiencing). These findings may also suggest blunted affect; however, if this were the case 
we may have expected to see a correlation with measures of numbing. It is also possible that the typical 
exaggerated amygdala and related regional activation cited in the literature is dependent on a trauma-
specific modality used to induce a more intense emotional state, which our task was unable to do. 
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While no mTBI studies have used pure emotional face-processing tasks to explore aberrant 
regional activity, some neuroimaging studies have produced findings that support altered network 
dynamics in switching between internally and externally focused mental states.  These network findings 
were found to be associated with post-concussive symptoms, although few mTBI studies have 
investigated the relationship to symptoms related to affective dysregulation. Neumann and colleages 
(2015) examined deficits in face recognition in TBI and reported decreased activity in the fusiform gyrus 
related to facial recognition deficits [201]. Therefore, related to our findings, it is possible that this cohort 
experienced deficits in face recognition that are related to symptoms, and that these deficits are related to 
reduced fusiform activity.  
 In terms of brain-behavior associations involving measures of affective dysregulation, it may be 
that the reported brain activity associated with increased measures of behavioral affective dysregulation 
(violence, anger) are due to deficits in the ability to switch attention from internally salient information 
processing to external salient cues and stimuli. Anger and violence may result from the suppression of 
emotion, that is related to an imbalance of attention to internal versus external stimuli [202].  
Alternatively, these findings may be due to the suppression of other, more appropriate emotions that are 
replaced by anger. Therefore, it is possible that face stimuli in our study are either perceived as non-
threatening, resulting in a lack of attention to social cues and attributed emotional salience, or that the 
veteran is unable to switch from internal to external processing and regulate information.   
 Our data are novel in supporting emotional face-processing-related neural activity in PTSD-mTBI 
and the potential role of these networks in relation to symptom severity and behavioral and cognitive 
function disturbance. Rather than hyper responsivity in suggested brain regions consistently being 
characteristic of this population in a social or affective context, we instead showed decreased activation in 
response to emotional faces as symptom severity increased. We can infer from these data that, in response 
to these specific social cues, veterans either have a blunted affect in response to task stimuli or, as 
symptom severity increases, so does their baseline activity, or their activity that is specific to object 
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processing. This is turn could result in a smaller window for variance, namely increases, in activation. It 
is also possible that neural resources are being over-exerted from attention to the cognitive aspect of task 
completion, resulting in fewer resources available for emotional face processing. However, due to the 
participants high performance on the task it is likely neural resources are not being over exerted. 
Additionally, all significant associations were between increased measures of affective dysregulation, so 
it appears the reduction in activation is not likely due to blunted affect but rather heightened baseline 
neural activity.   
Specific focus on the fusiform gyrus would be an appropriate region to further investigate for 
neural overlap in PTSD and mTBI due to its consistent associations with clinical symptoms and measures 
of affective dysregulation. Additionally, deficits in facial recognition have been reported in patients in 
TBI but not mTBI, and while the underlying neurobiological mechanisms of this deficit remains 
unknown, decreased activation in the fusiform gyrus was found to be associated with facial recognition 
deficits [201].  Therefore, blunted response may be a failure to ID faces and therefore a failure to respond 
to emotion stimuli, contributing to the underlying blunted amygdala response we found.  
While we expected to see fusiform activation to faces, it is important to highlight that the 
observed associations to clinical and affective processing measures may indicate a specific role of the 
fusiform in PTSD-mTBI, or representative of a specific deficit or symptom domain. Additionally, in 
future research, including examination of activation in prefrontal regions would be critical due to mTBI 
injuries and the implications of frontal lobe damage. Hoffman and Harrison (2009) proposed that when 
TBI occurs during a traumatic event, a flood of stress hormones reduces repair, leading to limited 
recovery, which may lead to a global effect [165]. Therefore, not only is the prefrontal cortex an 
additional good candidate to investigate the conjunction between PTSD and mTBI and affective 
dysregulation but future studies including connectivity analyses and the fusiform, amygdala, and 
hippocampus as seed regions could inform global network connectivity characteristics and relationships 
to clinical symptoms and domain deficits.  
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Chapter 3 –Neural Correlates of Working Memory and Affective Processing   
3.1 Introduction 
Comorbid PTSD-mTBI diagnosis results in executive function impairments, particularly in the 
domain of working memory. Working memory has been defined as the maintenance and manipulation of 
information in a temporary memory store [203]. Importantly, working memory has a limited capacity, 
suggesting that a small amount of information is processed at a given time. An implication of this limited 
capacity is that interference from distracting stimuli can reduce an individual's ability to maintain goal-
relevant information. The interference of distracting stimuli, such as intrusive thoughts and trauma 
memories seems to be a particular difficulty in PTSD and may underlie the hallmark symptom of 
difficulty with concentration. Working memory deficits in patients with PTSD have been demonstrated 
using both verbal and visual stimuli. Schweizer and Dalgleish (2011) reported poorer working memory 
performance in patients vs. trauma-exposed controls on a verbal sentence task, in which participants were 
instructed to remember words presented following trauma-related or neutral sentences [204]. Consistent 
with the idea that trauma-related material is particularly disruptive to working memory performance, 
memory was worse for words presented after trauma vs. neutral sentences.  
Findings from neuroimaging studies investigating the impact of emotional distraction on working 
memory have suggested that hyperactivity in an emotional processing network (including regions such as 
the amygdala, ventrolateral prefrontal cortex, and medial prefrontal cortex) and hypoactivity in a dorsal 
executive function processing network (including regions such as the dorsolateral prefrontal cortex and 
parietal cortex) underlies impaired maintenance of information in working memory as a result of 
emotional distraction . This model was supported in an fMRI studying examining working memory in 
PTSD. Morey et al. (2009) showed that patients with PTSD had poorer memory performance when both 
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neutral and trauma-specific distracters were presented during the working memory delay in comparison to 
a trauma-exposed control group [192]. Furthermore, Morey and colleagues (2009) showed disrupted 
activity in the dorsal executive function network during the working memory delay in PTSD that could 
explain the diminished performance, and that performance was disrupted for both trauma-specific and 
neutral distracters, suggesting evidence of generalized hypervigilance [205]. 
Since the first published fMRI study of mTBI in 1999 [113] fewer than 20 papers have 
investigated cognitive functions such as working memory after adult mTBI using fMRI. Neuroimaging 
studies that have focused on investigating working memory deficits in patients with mTBI [205][150] 
have reported hyperactivation in right dlPFC and lateral parietal regions for mTBI patients compared to 
healthy controls under moderate processing loads (1-back to 2-back conditions), and hypoactivation for 
lower processing loads (0- to 1-back conditions). Additional studies confirmed that mTBI patients 
exhibited frontoparietal hyper activation in the moderate load condition, but also found hypo activation at 
higher processing loads (going from 2- to 3-back). Upon further analysis it was observed that the overall 
magnitude of change in activation in frontal and parietal cortical areas when comparing the 0-back control 
task with the 2-back task was similar between the two groups. However, the interaction of working 
memory processing load and degree of increased brain activation differed between the two groups, 
particularly in the right dorsolateral frontal and right lateral parietal regions. In those areas, the control 
subjects showed increased activation going from the 0-back to the 1-back condition, and a much smaller 
increase going from the 1-back to the 2-back condition. By contrast, the mTBI patients showed relatively 
little increase going from the 0-back to the 1-back condition, but significantly more activation when going 
from the 1-back to the 2-back condition. There are no known studies to date that have tested the effects of 
emotion on working memory in mTBI patients.  
Despite the amount of research focused on identifying disrupted networks in PTSD and mTBI 
separately, there have been very few studies investigating the neural dynamics of combined PTSD-mTBI 
and how theses dynamics are impacted by cognitive, clinical and behavioral outcomes.  Based on the 
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literature reviewed above, there is a need to examine how functional activation related to working 
memory relates to symptom severity and deficits specific to patients with PTSD-mTBI, and also how 
emotion processing interferes with working memory. 
 Thus, our study aimed to identify brain-behavior relationships using a well-established affective 
1-back fMRI. We investigated neural mechanisms underlying working memory, affective face processing 
and combined working memory and affective face processing in order to identify associations between 
functional activation and behavioral dyregulation in this clinical cohort. Our group implemented an 
affective 1-back working memory paradigm using fearful and angry faces. Using this task, we are able to 
characterize activation during emotional face processing [Face-Object], working memory [Object-
Baseline], and the effects of combined emotional stimuli and working memory [Face-Baseline].  
Furthermore, we examined how brain behavior during task completion relates to clinical symptom 
severity and neurocognitive deficits. Based off of the existing predominant neurobiological model of 
PTSD that hypothesizes a hypoactive dlPFC and hyperactive amygdala, we chose to examine these brain 
regions as well additional regions implicated in PTSD (insula, orbitofrontal cortex,medial PFC/ACC, 
hippocampus) and  those most vulnerable in mTBI (PCC, IFG, MFG/dlPFC). We posited that as 
symptom severity and neurocognitive deficits increase, activity in the IFG, MFG/dlPFC, and mPFC/ACC 
during emotional face processing and working memory decreases, and that these associations are coupled 
with an increase in activation in the OFC, amygdala, insula, and hippocampus. Additionally, we 
hypothesize that the association between frontal hypo-activation and symptom severity is going to be 
greater during completion of an executive task in the context of emotional stimuli, suggesting that 
individuals with greater symptom severity will show greater executive deficits in the emotional condition.    
Within this framework, we can further examine changes in neural mechanisms associated with 
executive function by examining working memory with the use of emotional stimuli, and determine how 
are these changes are impacted by symptom severity and behavioral outcomes. 
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3.2 Methods  
Participants 
100 adult veterans diagnosed with both PTSD and TBI who served in at least one tour of duty in Iraq or 
Afghanistan since October 2001 were recruited at the Durham VA Medical Center and UNC Hospitals. A 
diagnosis of PTSD was confirmed using the Davidson Trauma Scale (score >48) [206]. Previous TBI was 
defined as a veteran who: reported that during military service, head was hurt/injured in a way that caused 
problems; and endorses at least one of the following: (1) loss of consciousness or getting “knocked out,” 
(2) immediately after the injury or upon regaining consciousness, being dazed or “seeing stars” (3) 
immediately after the injury or upon regaining consciousness, being unable to recall the event,(4)being 
over one hour after the injury before veteran started remembering new things again, or (5) needing brain 
surgery after the injury. Participants were excluded for contraindications for MRI including metal in the 
body and pregnancy. Demographic information for these participants is presented in Table 6. The 
University of North Carolina Institutional Review Board approved the project and all participants 
provided written informed consent prior to study participation. 
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Table 6 Demographic and assessment data for all 
participants (N=100) showing the group mean and 
standard deviation. CAPS scores above 60 are considered 
PTSD; 6 is the average score for a non-clinical population 
on the Digit Backwards; the range for DAR is 0-56; CTS 
is calculated based off a 7-point scale where midpoints 
are averaged; and the BIS range is 0-120.  
 
 
 
 
Neurocognitive and Clinical Assessments 
Selective attention was measured using the Stroop color word interference portion of the Delis-Kaplan 
Executive Function System (D-KEFS)[186]. Impulsivity was measured using the non-planning, self-
control, and total factors Barratt Impulsivity Scale (BIS-11) [185]. We used the forwards digit span and 
backwards digit span portions of the Wechsler Memory Scale-III (WMS-III) to assess working memory. 
We measured violent behavior using the Conflict-Tactics Scale (CTS)[188]. Anger was measured using 
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the Dimensions of Anger (DAR) [189]. PTSD symptom severity was measured using the Clinician 
Administered PTSD scale for DSM-IV (CAPS).    Re-experiencing (B), avoidance and numbing (pulled 
from C), and hyper-arousal (D) were assessed [207].   
Affective 1-back Task: Participants completed a total of 6 runs, each lasting 136 seconds, of an affective 
1-back working memory task adapted from Kanwisher et al. (1997) while undergoing functional MR 
imaging [208]. Each run consisted of one block of each of three different types of stimuli including: 
emotional faces (the affective condition), objects, and scrambled images. Each block lasted 28 seconds, 
and participants were asked to press a button using an MR-safe 4-button box whenever they saw an image 
that matched the previous image (target), which occurred 4 times in each block. Blocks were separated by 
a 17s rest period where participants saw “Rest, Please do not move your head” on the screen. The face 
images are either angry or fearful, and were derived from a standard set of pictures of facial affect [209]. 
Each block had a total of 24 stimuli per block. Stimuli were presented for 300 ms with a jittered inter-
stimulus interval (ISI) of 700-1100ms. Completion of the task (6 runs total) took 13 minutes. 
Performance on the task was measured by calculating accuracy and response latency for the targets of 
each task condition (faces, objects, scrambled).   
Task Imaging Parameters 
MRI Data Acquisition: Images were acquired on a 3T Siemens Magnetom TimTriosyngo MR B17. 
Whole-brain images were collected using a echo-planar-imaging sequence aligned parallel to the AC-PC 
line (TR: 2000 ms, TE: 25 ms, voxel size: 4.0mm3, 64 x 64 matrix, 36 slices, FoV: 256 mm, FoV phase: 
90.6 %, flip angle: 80 degrees). Each functional run was preceded with 4 discarded RF excitations. High-
resolution T1-weighted anatomical images were acquired using an MP-RAGE sequence (sagittal plane, 
1mm3 TR: 2300ms, TE: 2.98ms,  256 x 256 matrix, FoV: 256 mm, FoV phase: 93.8%, flip angle: 9 
degrees). Scan quality was assessed (signal-to-noise ratio, displacement of the center-of-mass) for each 
scan session, and no participant had greater than 4-mm deviation in the center of mass in any plane [192]. 
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Image Processing: FMRI data processing was completed using the FMRI Expert Analysis Tool v5.98 
(FEAT), which is part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Image pre-
processing included motion correction using MCFLIRT [194] which utilizes FLIRT (FMRIB’s Linear 
Registration Tool), slice-timing correction, skull stripping using FSL Brain Extraction Tool (BET), spatial 
smoothing using a Gaussian kernel (5mm FWHM), and high-pass temporal filtering (cut-off of 
100s)[195]. Image registration of all participants’ functional runs was carried out using the FMRIB Linear 
Image Registration Tool (FLIRT)[194]. Functional images were co-registered with skull-stripped T1-
weighted anatomical images for each participant. Next, each participant’s T1-weighted anatomical image 
was registered to the Montreal Neurological Institute (MNI) atlas. Finally, each participant’s functional 
images were transformed to MNI space. 
First-level, within-participant analysis started with pre-whitening each voxel’s time series using FMRIB’s 
Improved Linear Model (FILM) [210]to correct for voxel autocorrelation.  Task based regressors were 
created for each task condition by convolving the time course of stimulus onsets separately for each 
condition (faces, objects, scrambled) with  a double-gamma function that approximates the hemodynamic 
response function. Only stimulus onsets for trials where participants responded correctly were used. A 
General Linear Model (GLM) analysis was used in order to measure the parameter estimate between the 
time course of each voxel in the brain and the task based regressors for each condition during each of the 
6 runs. A second-level of analysis was then performed where functional activations during the same 
condition were combined across runs for each participant and were contrasted with other conditions 
([Faces], [Objects], [Scrambled], [Faces > Objects], [Faces < Objects], [Faces>Scrambled], 
[Faces<Scrambled], [Objects >Scrambled], [Objects<Scrambled]) using a fixed effects analysis. A third-
level group analysis was then run across all subjects using a mixed effects analysis (cite FLAME1). 
Whole-brain statistical maps were created for display of effects but were not used for statistical inference. 
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fMRI Analysis  
Region of Interest Analysis 
Our primary analysis was a region of interest (ROI) analysis. We defined 15 ROIs a priori using the 
Harvard-Oxford Cortical and Subcortical Structural Atlases (version 3.0.3) in MNI space. Chosen regions 
and associated references are shown in Table 6 and were included because they have been previously 
shown to be activated by working memory or affective face processing tasks. Featquery [211] was used to 
calculate the mean percent signal change from the parameter estimate maps for each ROI mask. This was 
done for each participant using data generated from the second-level of analysis for experimental 
conditions and contrasts of interest ([Objects>Baseline], [Faces > Objects]).  
 
                                   Table 7 Summary of brain regions chosen a priori for correlation 
analyses with references.  
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Statistical Analysis  
Brain-Behavior Correlation Analyses:  
Before analyses, distributions of all outcomes and predictors were inspected for outliers. Any value more 
than 3 standard deviations from the mean of the other data was set to missing. Outcome data values of 
zero, were also set to missing in all analyses. Pearson correlations were computed for data within each 
condition between mean percent signal change of each specified region and each predictor of interest. P-
values describe a hypothesis test of whether each correlation is different from zero. P-values are presented 
without correction for multiple comparisons (p<.05). Backwards eliminations of predictors were 
performed for each combination of ROI(15) and condition contrast (2), eliminating predictors starting 
with the least significant predictor. Predictors with p<0.05 are reported.  
 
3.3 Results  
Behavior  
Participants did not differ in their performance in the face and object task conditions. Group average 
accuracy (mean (standard deviation)) for both conditions was 0.84(0.19).   Group average accuracy for 
scrambled targets was 0.54(0.21). Furthermore, group average latency (mean (standard deviation)) to 
targets during the face condition was 540(87), during the object condition was 530(87), and during the 
scrambled condition was 572(97).  Because of the group’s overall high performance during face and 
object conditions, behavioral data is presented for descriptive purposes only and not included in covariate 
analyses. A summary of findings can be found in Table 8. 
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Table 8 Behavioral task results. Summary of performance data during the emotional face 
condition, objects condition, and scrambled condition.  Group average accuracy and 
latency are reported by mean and standard deviation.  
 
 
 
Whole-Brain  
Full-brain group activation maps were obtained from the [Object>Baseline], [Face>Object] and 
[Face>Baseline] conditions and confirmed activation in regions selected a priori for correlation analyses.   
Activation to the [Objects>Baseline] condition confirmed activation in the anterior cingulate gyrus, 
insula, putamen, thalamus, inferior frontal gyrus and orbitofrontal gyrus. Images of full brain group 
activation maps can be found in   Figure 4.  Activation to the [Face>Object] condition confirmed 
activation in the middle frontal gyrus, orbitofrontal cortex, insula, amygdala, hippocampus, inferior 
frontal gyrus and cingulate regions. Images of full brain group activation maps can be found in Figure 5. 
Activation to the [Face>Baseline] condition confirmed activation in the middle frontal gyrus, 
hippocampus, amygdala, insula, cingulate cortex, fusiform gyrus, inferior frontal gyrus, and medial 
prefrontal cortex. Activation was also found in the superior frontal and precentral gyrus. Images of full 
brain group activation maps can be found in Figure 6.  
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     Figure 4 Full brain group activation maps depicting brain regions activated by the [Object>Baseline] 
condition (threshold 2.3, p=.05). A) z= 39  B) z= 42  C) FSL generated image depicting region of interest 
masks used in correlation analyses as defined by the Harvard Oxford Cortical/Subcortical Atlas z=31.      
Middle Frontal Gyrus=Yellow; Insula=Green; Anterior Cingulate Gyrus=Copper; Orbitofrontal 
Cortex=Pink 
 
 
    Figure 5 Full brain group activation maps depicting brain regions activated by the 
[Face>Object] condition (threshold 2.3, p=.05). A) z= 46  B) z= 57  C) FSL generated 
image depicting region of interest masks used in correlation analyses as defined by the 
Harvard Oxford Cortical/Subcortical Atlas z=57. Middle Frontal Gyrus=Yellow; Inferior 
Frontal Gyrus=Orange; Orbitofrontal Cortex=Pink; Insula=Green; Fusiform Gyrus= Red 
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 Figure 6 Full brain group activation maps depicting brain regions activated by the         
[Face>Baseline] condition (threshold 2.3, p=.05). A) z= 38  B) z= 55  C) FSL generated 
image depicting region of interest masks used in correlation analyses as defined by the 
Harvard Oxford Cortical/Subcortical Atlas z=31. Inferior Frontal Gyrus=Orange; 
Orbitofrontal Cortex=Pink; Insula=Green; Amygdala=Blue; Hippocampus=Orange-Yellow; 
Fusiform Gyrus=Red 
 
 
 
 
 
Region of Interest Correlation Analyses: Task based activation for each condition was analyzed using a 
priori regions of interest before running correlation analyses with clinical and neurocognitive measures.  
The [Object-Baseline] condition was analyzed in order to isolate regional activation involved in working 
memory. The [Face-Object] condition was analyzed in order to isolate regional activation involved in 
emotional face processing. The [Face-Baseline] condition was analyzed to see the effects of both 
emotional stimuli and working memory. The scrambled task condition was not analyzed due to poor task 
performance. For each condition, we then tested the relationship between regional activation with both 
clinical and neurocognitive scores. A summary of all significant correlations for all task conditions can be 
found in Table 9. 
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Significant correlations of activity with clinical symptom severity and neurocognitive scores:  
Working memory component: [Object-Baseline] 
Brain Behavior correlations: Pearson’s correlation analyses revealed significant correlations between 
activation in the left amygdala and performance on color-word inhibition (r=-.21,p=.04); activation in the 
anterior cingulate cortex (r=-.25,p=.01), medial prefrontal cortex (r=-.30,p=.003) insula (r=-.28, p=.007), 
left hippocampus  (-.21,p=.03), and right amygdala (r=-.29, p=.004) with non-planning(BIS) ; activation 
in the anterior cingulate gyrus  (r=-.24,p= .02), medial prefrontal cortex (r=-.33,p=.001), insula (r=.-
30,p=.003), left hippocampus (r=-.27,p=.009), right amygdala (r=-.34,p<.001), and right hippocampus 
(r=-.23,p=.02) with self-control (BIS); activation in the anterior cingulate gyrus (r=-.23,p= .02), medial 
prefrontal cortex  (r=-.33,p=.001), insula  (r=.-29,p=.004), left hippocampus (r=-.23,p=.025), and right 
amygdala (r=-.28,p=.006) with total impulsivity; and activation in the anterior cingulate gyrus (r=-
.25,p=.017), inferior frontal gyrus (r=-.27,p=.008), middle frontal gyrus  (r=-.22,p=.032), and right 
hippocampus(r=-.24,p=.018) with verbal working memory performance.  
Representative plots can be found in Figures 7-9. Refer to Table 9 for a summary of significant findings, 
and Table 10 for a summary of total comparisons including non-significant findings.  
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Table 9 Statistically significant (p<.05) results depicting associations between activation 
from ROI analyses to the [Face>Object], [Object>Baseline], and [Face>Baseline] task 
conditions and clinical or neurocognitive measures. 
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Table 10 Summary of all comparisons between a priori ROI activation and clinical 
and neurocognitive measures specific to the [Object>Baseline] condition. Panels 
read left to right and are organized by measure of interest. 
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Figure 7 Correlation graphs showing signification correlations (p<.05) between either cognitive or clinical 
measures and regional mean percent signal change in response to the [Object>Baseline] task condition. A) 
Digits backwards score negatively correlated with anterior cingulate gyrus activation. B) Digits backwards 
score negatively correlated with inferior frontal gyrus activation. C) Digits backwards score negatively 
correlated with middle frontal gyrus activation. D) Digits backwards score negatively correlates with right 
hippocampal activation. E) Total impulsivity negatively correlates to anterior cingulate gyrus activation. F) 
Total impulsivity negatively correlated with medial prefrontal cortex. G) Total impulsivity negatively 
correlated with insula activation. H) Total impulsivity negatively correlated with left hippocampal activation. 
I) Total impulsivity negatively correlated with left amygdala activation.  
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Figure 8 Correlation graphs showing signification correlations (p<.05) between either cognitive or 
clinical measures and regional mean percent signal change in response to the [Object>Baseline] task 
condition. A) Self-control negatively correlated with anterior cingulate gyrus activation. B) Self-
control negatively correlated with medial prefrontal cortex activation. C) Self-control negatively 
correlated with left hippocampal activation. D) Self-control negatively correlated with insula 
activation. E) Non-planning negatively correlated with anterior cingulate gyrus. F) Self-control 
negatively correlated with right hippocampal activation. G) Self-control negatively correlated with 
right amygdala activation. H). Non-planning negatively correlated with medial prefrontal cortex. I). 
Non-planning negatively correlated with right amygdala activation.  
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Figure 9 Correlation graphs showing signification correlations (p<.05) between either  cognitive or 
clinical measures and regional mean percent signal change in response to the [Object>Baseline] task 
condition.  A) Non-planning negatively correlated with insula activation. B) Non-planning negatively 
correlated with left hippocampal activation. C) Interference negatively correlated with left amygdala 
activation.  
 
 
 
Emotional face processing component: [Face-Object] 
Brain Behavior correlations: Pearson’s correlation analyses revealed significant correlations between 
activation in the anterior cingulate gyrus (r=.20,p= .04), medial prefrontal cortex (r=.23,p=.02), insula  
(r=.24,p=.017), left hippocampus (r=.21,p=.04), right amygdala (r=.26,p=.01), and inferior frontal gyrus 
(r=.21,p=.03) with non- planning(BIS); activation in the insula (r=.23,p=.02), left hippocampus 
(r=.23,p=.02), and right amygdala (r=.29, p=.005)  with self-control (BIS); and activation in the insula 
(r=.20, p=.04)  with total impulsivity; and activation in the anterior cingulate gyrus  (r=.26,p=.01), 
posterior cingulate gyrus (r=.23,p=.02), inferior frontal gyrus (r=.26,p=.01), orbitofrontal cortex 
(r=.21,p=.03), insula (r=.27,p=.008, and right amygdala (r=.20,p=.04)  and with verbal working memory 
performance. Representative plots can be found in Figures 10-11 please refer to Table 9 for a summary 
of findings and Table 11 for a summary of total comparisons including non-significant findings.  
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Table 11 Summary of all comparisons between a priori ROI activation and clinical 
and neurocognitive measures specific to the [Face>Object] condition. Panels read 
left to right and are organized by measure of interest. 
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Figure 10 Correlation graphs showing signification correlations (p<.05) between either cognitive or 
clinical measures and regional mean percent signal change in response to the [Face>Object] task 
condition. A) Digits backwards score positively correlated with anterior cingulate gyrus activation. B) 
Digits backwards score positively correlated with posterior cingulate gyrus activation. C) Digits 
backwards score positively correlated with inferior frontal gyrus activation. D) Digits backwards 
score positively correlated with orbitofrontal cortex activation. E) Digits backwards score positively 
correlated with insula activation. F) Digits backwards score positively correlated with right amygdala 
activation. G) Total impulsivity positively correlated with insula activation. H) Self-control positively 
correlated with insula activation. I) Self-control positively correlated with left hippocampal 
activation. 
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Figure 11 Correlation graphs showing signification correlations (p<.05) between either 
cognitive or clinical measures and regional mean percent signal change in response to the 
[Face>Object] task condition. A) Self-control positively correlated with right amygdala 
activation. B) Non-planning positively correlated with right amygdala activation. C) Non-
planning positively correlated with inferior frontal gyrus activation. D) Non-planning positively 
correlated with left hippocampal activation. E) Non-planning positively correlated with insula 
activation. F) Non-planning positively correlated with medial prefrontal cortex activation. G) 
Non-planning positively correlated with anterior cingulate gyrus activation.  
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Working memory and emotional face processing components: [Face-Baseline] 
Brain Behavior correlations: Pearson’s correlation analyses revealed significant correlations between 
activation in the posterior cingulate cortex (r=-.23,p=.03), left hippocampus (r=-.23,p=.03), right 
hippocampus (r=-.25,p=.01), right amygdala (r=-.28,p=.009) and performance on color-word inhibition; 
activation in the left hippocampus (r=-.21,p=.04) and avoidance (CAPS) ; activation in the  inferior 
frontal gyrus (r=.21,p=.04)  and numbing (CAPS), and activation in the medial prefrontal cortex 
(r=.22,p=.03), insula (r=.22,p=.03), and fusiform gyrus (r=.21,p=.04) and verbal working memory 
performance.  Representative plots can be found in Figure 12 and please refer to Table 9 for a summary 
of findings and Table 12 for a summary of all comparisons including non-significant findings.  
For all conditions, activation changes in a priori ROIs were not significantly correlated with total CAPS 
score, CAPS sub-scores re-experiencing and hyper-arousal, anger, or violence. 
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Table 12 Summary of all comparisons between a priori ROI activation and clinical 
and neurocognitive measures specific to the [Face>Baseline] condition. Panels read 
left to right and are organized by measure of interest. 
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Figure 12 Correlation graphs showing signification correlations (p<.05) between either 
cognitive or clinical measures and regional mean percent signal change in response to the 
[Face>Baseline] condition.  A) Interference negatively correlated with posterior cingulate gyrus 
activation. B) Interference negatively correlated with right hippocampal activation. C) 
Avoidance negatively correlated with left hippocampal activation. D) Interference negatively 
correlated with left hippocampal activation. E) Interference negatively correlated with right 
amygdala activation. F) Numbing positively correlated with inferior frontal gyrus activation. G) 
Digits backwards score positively correlated with fusiform gyrus activation. H) Digits backwards 
score positively correlated with medial prefrontal cortex activation. I) Digits backwards score 
positively correlated with insula activation.  
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3.4 Discussion  
 Our study investigated significant associations between activation during the working 
memory component of a 1-back working memory task and clinical or neurocognitive measures. 
Based on previous findings [212][213], we expected that participants with more severe symptom 
severity and neurocognitive deficits would exhibit increased activation in ventral fronto-limbic 
circuitry (OFC, amygdala, insula, and hippocampus) and decreased activation in the dorsal-medial 
executive network (MFG/dlPFC, mPFC/ACC, IFG) in response to the emotional face component 
and 1-back object target.  Additionally, we hypothesized that these associations would be more 
prominent while investigating the effects of combined emotional face processing and working 
memory by examining activation to the 1-back face target.   
We found that increased symptom severity was associated with decreased dorsal network 
activation during working memory, as expected. However, we also found that decreased activation in the 
limbic network was also significantly related to increased symptom severity, which was contrary to our 
expectations.  Specifically, we found decreased dorsal-executive network and fronto-limbic activation 
was related to increased measures of impulsivity as measured by the BIS and interference as measured by 
the DKEFS Stroop color-word interference assessment. We also found increased verbal working memory 
performance was related to decreased activation in these networks.  
 These findings could reflect that as PTSD-mTBI severity increases, the ability to engage and 
activate globally during goal-directed task completion decreases. An additional interpretation is that there 
exists greater disinhibited off-task activity as symptom severity increases, suggesting constant impairment 
in the ability to appropriately allocate attention to relevant tasks. These findings could therefore implicate 
the effects of impulsivity on both task-based and off-task neural network activity. Additionally, the 
relationship between increased verbal working memory performance and decreased activation in the 
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dorsal executive network, specifically regions associated with working memory, could indicate that intact 
verbal working memory in this population is associated with more efficient (in the form of less activation) 
neural network activity. Moreover, the relationship between better performance and increased activation 
may suggest compensatory mechanisms.    
 Working Memory  
 Findings in the PTSD and mTBI literature conflict with regards to neuroimaging studies using 
tasks that specifically target working memory. McAllister and colleagues (1999) found that in patients 
with mTBI, more robust activation in the cortex was seen with easier n-back tasks, but that participants 
did not activate more with increasing task load, as compared with controls, a response that is fairly 
common in clinical populations [205]. Chen et al. (2008) showed that patients with mTBI exhibited 
reduced task-related activation within the dlPFC during a 1-back task, while Landre et al. (2006) used a 3-
back task with neutral versus control conditions and found no group difference in activation in 
dorsolateral and dorsomedial frontal regions [143][214]. Moreover, the majority PTSD neuroimaging 
studies use traumatic stimuli or emotional pictures; as basic working memory tasks are used infrequently, 
we had few studies with which to compare our findings.  
                Emotional Face Processing 
                When we isolated activation to the emotional face component, we found increased activation in 
the limbic network that was associated with greater measures of impulsivity and verbal working memory 
performance. We also found increased activation in dorsal-executive regions related to these measures, 
which was unexpected. These findings may reflect the effects of greater salience attributed to face 
processing associated with increases in symptom severity, highlighting the effects of emotion on working 
memory. These findings suggest that these particular face stimuli facilitate task performance by engaging 
both the limbic and dorsal networks. These findings may also reflect impaired emotional face processing 
characterized by compensatory network engagement and thus increased activation in both networks.  
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PTSD neuroimaging studies that have used emotional face stimuli have consistently reported 
activation differences in the amygdala, OFC, vmPFC, and ACC[215] [216]. For instance, using an 
emotional face viewing task , Mahabit et al. (2015) showed PTSD group activation to occur more in the 
right amygdala, hippocampus, MFG, and left insula in response to fearful versus neutral faces compared 
with controls [217].  Furthermore, activation in these regions was found to be correlated with greater 
symptom severity. Thom et al. (2012) showed decreased activation in dorsal executive regions in parallel 
with increased limbic activity to emotional faces, which suggest a lack of executive control over emotion 
processing specific to emotional faces [218]. Using negative emotional stimuli, Zhang et al. (2013) 
reported higher activation in the PTSD group in the amygdala and fusiform gyrus, but lower activation in 
the inferior frontal cortex, insula, and left supramarginal gyrus [219]. 
             Our findings of increased limbic activation in response to emotional stimuli agree with the 
general  literature. However, what is novel is our identification of a significant relationship between 
increased activation in dorsal executive regions and increased symptom severity. However, it may be that 
since there were no negative correlations in the Objects only conditions, these positive correlations were 
driven by subtracting the Object condition activation. Lastly, while studies such as Zhang et al (2013) 
reported hypo-active frontal activation, our findings could suggest an alternative profile of emotional 
dysregulation in this population[220].  
              Combined Emotional Face Processing and Working Memory 
               Finally, this study investigated the effects of combined emotion face processing and working 
memory and contrary to our hypotheses, we found that decreased activation in limbic regions related to 
greater selective attention impairment and avoidance (CAPS). We also found increased activation in 
dorsal-executive and limbic regions related to increased measures of numbing (CAPS) and verbal 
working memory performance. The relationship between greater symptoms of avoidance and decreased 
limbic activation could be interpreted as greater cognitive control in the context of an affective task, and 
is supported by the allocation of attention to the 1-back target versus the emotional face. Alternatively, 
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this relationship could indicate high baseline activity in PTSD-mTBI, which resulted in a small reduction 
in off-task versus task-based activation.  Increased symptoms of numbing and verbal working memory 
performance associated with an increase in limbic and dorsal-executive regions could suggest a 
compensatory recruitment of attentional structures under both high cognitive and emotion processing 
demands. This regional recruitment may be characteristic of the regulation of affect and integration of 
emotional and cognitive information during task completion.  Landre et al. (2006), the only group to date 
that has used emotional distractors in a working memory task, also found dorsal regions activated more to 
traumatic versus neutral material in a PTSD versus a control group [214].  
            All in all, a reciprocal relationship between frontal-limbic and dorsal-executive network activation 
was seen only when we examined the combined effects working memory in the context of affective face 
stimuli. We expected that while limbic activation increased, dorsal-executive activation would decrease 
and that activation would relate to increased symptom severity; instead, we found the opposite. Our 
hypothesis was supported by findings that, during the working memory condition, symptom severity 
increase was related to decreased activation in regions from both networks of interest and during 
emotional face processing activity in limbic regions was related to increased symptom severity. What was 
notable and unexpected was that activation in dorsal regions was also related to increased symptom 
severity during face processing.  
            Overall, these findings highlight that relationships among affective dysregulation, executive 
dysfunction, and neural network function exist even without tasks that incorporate commonly used 
trauma-related triggers such as traumatic stimuli or increased cognitive demands. These results provide 
further insight into brain-behavior relationships that characterize cognitive control and affective 
processing and regulation during task completion that seem to be driven by a constitutive hyper-vigilance 
that this particular population exhibits. Given that multiple regions from both networks were significantly 
correlated throughout all the analyzed task conditions, we could conclude that a compensatory effect is 
likely and, rather than there being an interplay of increased and decreased activation that results in 
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increased severity and deficits, the direction of aberrant network behavior is more homogenous than we 
expected. This homogeneity could be due to the effects of mTBI that cause diffuse global network 
deficits. Additionally, due to the numerous significant findings related to measures of verbal working 
memory performance, selective attention, and impulsivity, we may conclude that these are valuable 
candidates to include in the foundation for a better understanding of these complex diagnoses.  
         Conclusion. No studies to date have directly tested executive and affective deficits in PTSD-mTBI 
or examined how these deficits relate to symptom severity. Here, we examined both of these core domain 
deficits in the context of an affective 1-back working memory neuroimaging task and determined how 
activation relates to behavioral measures and symptom severity. By doing so, we gained valuable insight 
into how the combination of both subjective and objective markers characterize the range of individual 
differences and similarities alike. By examining brain-behavior correlations, we found that as symptom 
severity increases, there is a dual engagement of dorsal and ventral regions in response to emotional 
stimuli. Specifically, activity in both pathways decreased in response to goal-directed working memory 
task performance. These findings could represent a constant state of hyper-vigilance observed in off-task 
network activity, resulting in a smaller [Condition-Baseline] contrast activation in response to non-
emotional stimuli. Additionally, the off-task network activity may be in part due to attention to internally 
driven processes.. These findings therefore suggest increased diffuse neural network behavior 
independent of dorsal-executive or ventral-affective network specificity, which is further enhanced by 
emotional processing but not by cognitive demand. The inefficient allocation of resources and attention 
to task-irrelevant stimuli may be one underlying cause for executive and affective deficits seen in this 
population, particularly impulsivity and working memory., and that symptom severity could be driving 
these inefficiencies. These findings provide evidence that behavioral and symptomatic measures taken 
outside of the scanner relate to observed functional measures. They further indicate that by including 
these in a PTSD-mTBI model, we can identify unique relationships that will advance the development of 
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effective and personalized treatment options. Further mediation analyses could provide additional 
information on the role of each variable (brain activity, clinical symptom, neurocognitive deficit). 
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Chapter 4: Cognitive Control in PTSD-mTBI  
4.1 Background 
Among the cognitive deficits found in veterans diagnosed with comorbid PTSD-mTBI, deficits in 
attention are common complaints and have been correlated with negative effects on education, work, 
daily life activities, and social relations. Attention deficits have also been associated with the re-
experiencing and avoidance symptoms of PTSD [221]. Some authors hypothesized that these symptoms 
may be due to a lack of inhibitory control, such that the subject cannot suppress involuntary thoughts and 
direct his/her attention to stimuli other than the ones related to the trauma [222]. The failure to suppress 
involuntary thoughts and redirect attention away from ones related to the trauma, might be related to each 
person's capacity to regulate subjectivity [223]. While there doesn’t exist a consensus around which 
aspects of attentional function are most impaired, recent neuroimaging work suggests hypo activation 
among regions in the dorsomedial frontal, lateral frontal and parietal cortices that mediate top down 
attentional control in PTSD-mTBI [224] .  
 A common functional MRI task used to engage and investigate selective attention is the Stroop 
task [225][226] [227][228][229]. While there are a variety of specific implementations of the Stroop task, 
the basic principle is to ask the subject to respond to a given characteristic of each presented stimulus 
while the stimuli themselves exhibit secondary characteristics that are either congruent or incongruent 
with the characteristic to which the subject is supposed to respond [225]. The classic form of this task is 
to ask subjects to respond to various words denoting color printed in congruent (for example, the word 
“red” written in red font) or incongruent (the word “blue” written in red font) font colors. Subjects are 
asked to either state, as quickly and accurately as they can, the color spelled out by the word or the color 
text in which the word is written. The incongruous combinations typically lead to longer response times 
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and altered neuronal response patterns. Other implementations involve the subject responding to stimulus 
characteristics such as the number of words presented at the same time or the relative size of words 
presented while the words themselves spell out congruent or incongruent number or size characteristics 
[226][230]. Functional MRI studies of healthy adults have shown activations associated with the Stroop 
task and the response interference condition it presents in areas including the anterior cingulate cortex, 
medial and inferior frontal lobe, and inferior parietal lobe [212][228][231].     
 In addition to using the Stroop to understand healthy functioning, the task has been a useful tool 
in studying PTSD due to high reliability of recruiting regions associated with top-down attentional control 
[232].  Patients with PTSD have been found to color-name emotional words more slowly than other types 
of words, relative to control subjects, which suggests that emotional interference plays a role in task 
performance. Additionally, associations between Stroop interference and trauma have been reported in 
patients with PTSD [233][234]. Increased anterior cingulate activation has been consistently shown 
during the Stroop interference condition [235][236][237]; and, a study of combat-related PTSD in which 
the counting Stroop was used found a failure in anterior cingulate function during counting of emotional 
(but not color) words [86]. Compared with non-PTSD controls, veterans with PTSD showed increased 
dorsal ACC and decreased ventral ACC activation in an emotional Stroop task [86]. Failure to activate the 
ventral ACC may reflect limited capacity relative to processing demands with compensatory dorsal ACC 
recruitment. Additionally Wei et al. (2010) found increased activation in the thalamus in a number Stroop 
task, suggesting potential compensatory effects related to the ACC and conflict resolution [238].   
The Stroop task has also been used to investigate patients with mTBI. While investigating 
differences between activation associated with selective attention in healthy controls and mild TBI 
patients Smits and colleagues (2009) found a positive correlation between increased levels of activation in 
brain regions involved with selective attention and patients’ reported post concussive symptoms. 
Specifically, significant activation in the dorsolateral and ventrolateral prefrontal cortex and posterior 
parietal regions were found in response to the congruent condition. Additionally, activation in the left 
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insula, inferior frontal gyrus, ventrolateral prefrontal regions, and anterior cingulate and posterior 
cingulate cortex correlated with increased postconcussive symptoms [229].  
 No studies to date have measured neural correlates of the number Stroop task in combined PTSD 
and mTBI diagnoses. The purpose of the present study was to use fMRI to examine associations between 
activation during completion of a number Stroop task and clinical symptoms in a cohort of PTSD-mTBI 
diagnosed veterans. We hypothesized that the congruency affect as is measured by the Stroop, would 
result in reduced recruitment of regions implicated in top-down attentional control, specifically superior 
frontal, lateral frontal and parietal cortices [239][240][241], and that this reduced recruitment would be 
even greater as symptom severity and neurocognitive deficits increased.   
4.1 Methods 
Participants  
Participant demographic and assessment data can be found in Table 13. 
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Table 13 Demographic and assessment data for all participants (N=100) 
showing the group mean and standard deviation. CAPS scores above 60 are 
considered PTSD; 6 is the average score for a non-clinical population on the 
Digit Backwards; the range for DAR is 0-56; CTS is calculated based off a 
7-point scale where midpoints are averaged; and the BIS range is 0-120. 
 
  
Participant recruitment took place at the Durham VA Medical Center and UNC Hospitals. A total of 100 
adult veterans diagnosed with both PTSD and TBI and who have served at least one tour in Afghanistan 
or Iraq were recruited. Those who were either pregnant or had metal in the body were excluded due to 
MRI-based precaution. 100 veterans who met criteria provided informed written consent before 
participating in the study. Once enrolled, diagnosis was confirmed using the Davidson Trauma Scale 
(score >48)[162] for PTSD.  For TBI, if the veteran reported that during military service they experienced 
a head injury that was the cause for problems, and experienced one of the following: (1) immediately after 
the injury or upon regaining consciousness, being unable to recall the event, (2) needing brain surgery 
after the injury, (3) loss of consciousness or getting “knocked out,”  (4) immediately after the injury or 
upon regaining consciousness, being dazed or “seeing stars” or (5)being over one hour after the injury 
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before veteran started remembering new things again, then TBI was confirmed.  The University of North 
Carolina Institutional Review Board approved the project and all participants provided written informed 
consent prior to study participation. 
Clinical and Neurocognitive Assessments 
Affective dysregulation was characterized by measuring violent behavior using the Conflict-Tactics Scale 
(CTS)[188] and anger using the Dimensions of Anger (DAR) [189].  PTSD symptom severity was 
assessed using the Clinician Administered PTSD scale for DSM-IV (CAPS) in order to evaluate total 
symptoms and symptoms of re-experiencing (B), avoidance and numbing (pulled from C), and hyper-
arousal (D). The Stroop color word interference portion of the Delis-Kaplan Executive Function System 
(D-KEFS) [186] was used to measure selective attention, impulsivity was measured using the non-
planning, self-control, and total factors of the Barratt Impulsivity Scale (BIS-11) [185], and the Digits 
Span assessment from the Wechsler Memory Scale-III (WMS-III) was used to assess working memory 
[187].  
fMRI Procedure 
Task: Participants completed 4 runs of a number Stroop task. During the number Stroop task, participants 
were presented with a white or red set of 1,2,3 or 4 digits, ranging from numbers 1-4. Sets of digits were 
presented for 1 second. For white numbers, participants were instructed to button press for the total 
number of items presented in the set. For red numbers, regardless of the number of items, participants 
were instructed to press the button that correctly identifies the number(s) on the screen (the presentation 
of 3 red 2s would require pressing button 2 for a correct response).  The conditions were either congruent 
(the number 3 in a set of 3) or incongruent (the number 1 in a set of 4) for both red and white numbers. 
The remaining trials consisted of star-shaped stimuli in order to provide a control counting condition, and 
participants were instructed to button press for the total number.  
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Data Acquisition 
All images were acquired on a 3T Siemens Magnetom TimTrio syngo MR B17. Whole-brain images 
were collected using a echo-planar-imaging sequence aligned parallel to the AC-PC line (TR: 2000 ms, 
TE: 25 ms, voxel size: 4.0mm3, 64 x 64 matrix, 36 slices, FoV: 256 mm, FoV phase: 90.6 %, flip angle: 
80 degrees). Each functional run was preceded with 4 discarded RF excitations. High-resolution T1-
weighted anatomical images were acquired using an MP-RAGE sequence (sagittal plane, 1mm3 TR: 
2300ms, TE: 2.98ms, 256 x 256 matrix, FoV: 256 mm, FoV phase: 93.8%, flip angle: 9 degrees). Scan 
quality was assessed (signal-to-noise ratio, displacement of the center-of-mass) for each scan session, and 
no participant had greater than 4-mm deviation in the center of mass in any plane [192]. 
Data Analysis: 
Preprocessing 
Functional data analyses were carried out using FSL version 5.98 [Oxford Centre for Functional Magentic 
Resonance Imaging of the Brain (FMRIB), Oxford Univeristy, U.K.]. Image-preprocessing (first-level 
analysis) steps included using the Brain Extraction Tool (BET) to remove non-brain structures, motion 
correction, spatial filtering using a Gaussian kernel to full width half maximum 5mm, high-pass temporal 
filtering, and slice-time correction. The functional images were co-registered to the structural images in 
their native space, and the images were then normalized to the Montreal Neurologic Institute (MNI) 
standard brain. All registrations were carried out using FMRIB’s Linear Image Registration Tool 
(FLIRT). Pre-whitening was carried out with FMRIB’s Improved Linear Model (FILM) in order to 
estimate and account for each voxel’s time series autocorrelation.  
Voxel-based analyses: Correct only trials were analyzed. Trials where participants gave an incorrect 
response were excluded from the analyses. All voxel-based analyses were carried out using FMRI Expert 
Analysis Tool (FEAT) in FSL. Onset times of events were used to model regressors for each experimental 
condition, which were convolved with a gamma function to model the hemodynamic response. In the 
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first-level analysis each run of the task was modeled separately, followed by the second-level analysis in 
which the average activation across runs for each subject was calculated with a fixed-effects analysis. At 
the second-level, whole-brain images of the parameter estimate and variance were generates for each 
subject, representing the average percent signal change from baseline for the experimental contrast of 
interest (Incongruent-Congruent). This contrast was chosen to isolate congruency effects in our selective 
attention task.  Contrast images were then generated to create z-statistic activation maps where the 
estimates for each condition were non-zero, to determine where each individual condition showed 
significant activation.  
Region of Interest Analyses 
 We defined 8 regions-of-interest (ROI) a priori using the Harvard-Oxford Cortical and Subcortical 
Structural Atlases (version 3.0.3) in MNI space. A summary of regions with associated references can be 
found in Table 14.  Featquery was used to calculate the mean percent signal change from the parameter 
estimate maps for each ROI mask [193]. This was done for each participant using data generated from the 
second-level of analysis for experimental conditions and contrast of interest [Incongruent-Congruent]. 
Brain-Behavior Correlation Analyses 
In order to assess brain-behavior relationships, Pearson’s correlations were computed for mean percent 
signal change from baseline from of each region of interest with clinical and neurocognitive measures of 
interest.  Distributions of all outcomes and predictors were inspected for outliers and any value more than 
3 standard deviations from the mean of the other data was set to missing. Outcome data values of zero, 
were also set to missing in all analyses.  
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    Table 14 Summary of brain regions with references of selected 
a priori regions for ROI correlation analyses 
 
 
 
4.3 Results  
Behavior 
Participants accuracy (mean(sd)) on the congruent conditions was 0.85(0.17) and on incongruent 
conditions 0.76(0.20). Average latency (mean(sd)) for congruent conditions was 897(158) and for 
incongruent conditions was 1025(146).  A Summary of findings can be found in Table 15. 
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                 Table 15 Behavioral task results. Summary of performance data during congruent and 
incongruent conditions. Group average accuracy and latency are reported by mean and 
standard deviation 
 
 
Whole-Brain 
Full-brain group activation maps were obtained from the [Incongruent-Congruent] conditions and 
confirmed activation in regions selected a priori for correlation analyses. Activation was confirmed in the 
cingulate, middle frontal gyrus, inferior frontal gyrus, and frontal pole. Acitvation was also found in the 
fusiform and postcentral gyrus. Images of full brain group activation maps can be found in Figure 13.  
 
     Figure 13 Full brain group activation maps depicting brain regions activated by the             
[Incongruent-Congruent] condition (threshold 2.3, p=.05). A) z= 54  B) z= 63  C) FSL 
generated image depicting region of interest masks used in correlation analyses as 
defined by the Harvard Oxford Cortical/Subcortical Atlas z=40. Inferior Frontal 
Gyrus=Orange; Anterior Cingulate Gyrus=Copper, Caudate=Green; Putamen=Pink; 
Posterior Cingulate Gyrus=Cool; Pallidum=Blue; Thalamus=Red 
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Region of Interest Correlation Analyses  
Activation as calculated by mean percent signal change in a priori regions of interest to the [Incongruent-
Congruent] condition was used in correlation analyses.  
 Activation DKEFS color word interference performance negatively correlated with the posterior 
cingulate gyrus   (r= -.30, p=.004) and the right thalamus (r=-.21, p=.035). Numbing (CAPS sub-score) 
negatively correlated significantly with the left pallidum (r=-.29, p=.005).  
All significant relationships represent a decrease in regional activation as symptom severity increases.  
Refer to Table 16 for a summary of significant findings and Table 17 for all comparisons including non-
significant findings. Figure 14 for plots of significant relationships.  
 
	   79	  
Table 16 Statistically significant (p<.05) results depicting associations between 
activation from ROI analyses to the [Incongruent-Congruent] task condition and 
clinical or neurocognitive measures 
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Table 17 Summary of all comparisons between a priori ROI activation and clinical and 
neurocognitive measures specific to the [Incongruent-Congruent] and clinical or 
neurocognitive measures 
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Figure 14 Correlation graphs showing signification correlations (p<.05) between either 
cognitive or clinical measures and regional mean percent signal change in response to the 
[Incongruent-Congruent] task condition.   
 
 
4.4 Discussion 
  Veterans with PTSD-mTBI report having difficulty with attention where deficits negatively 
impact every day life.  Performance on selective attention tasks, such as the Stroop task [225] has long 
been considered a useful model for probing controlled processing [242] [243]. The Stroop task possesses 
the ability to examine mechanisms of attention not only in healthy participants but also in clinical 
populations where deficits in attention are pronounced. The attention neural network consists of several 
regions of the brain including the dorsolateral prefrontal cortex, anterior cingulate gyrus, striatum, 
ventrolateral prefrontal cortex, parietal cortex, and possibly areas of the cerebellum[244] . Although the 
precise role of each of these regions with regard to attention is not fully known, several theories exist in 
the literature. Areas in the prefrontal cortex and anterior cingulate are thought to be associated with 
directing cognitive control [245][246][247][231]. Regions of the dorsal anterior cingulate have also been 
implicated in processes involving response selection and stimulus conflict management [226][244]. Areas 
of the parietal cortex involved with attention have mostly been associated with control and direction of 
visual attention [248][249][244]. 
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 In our study, group average activation maps obtained from the [Incongruent-Congruent] condition 
revealed general activation in prefrontal regions including the anterior cingulate, inferior frontal and 
middle frontal gyrus., confirming expected activation in areas by the Stroop task. Additionally, with 
regards to significant correlations, activation in the posterior cingulate gyrus and the right thalamus 
negatively correlated with increased interference (DKEFS), in other words as participants did worse on 
the DKEFS Stroop assessment, activation in the PCC and right thalamus decreased. Additionally, as 
measures of numbing increased, activity in the left pallidum decreased. One influential hypothesis is that 
the PCC has a central role in supporting internally directed cognition [250]. Other evidence suggests that 
the PCC plays a more direct role in regulating the focus of attention, perhaps by controlling the balance 
between internally and externally focused thought [251][252][253]. The thalamus, which has dense 
connections from the PCC, also plays a key role in the cortical-subcortical circuit that processes error 
information by monitoring and relaying signals of error and information on performance and helps shift 
resources during task switching [254][255]. Thus, findings of decreased activation in the PCC and right 
thalamus related to increased measures of interference may indicate cognitive deficits in attending to tasks 
and switching during task completion. Moreover, the pallidum has been shown to be activated when 
subjects have to imagine they are alleviating the pain of others [256], and therefore decreased activity and 
greater measures of numbing could indicate a lack of empathy, flattened affect, or both.  
 Additionally, these results could suggest the inability of those with PTSD to switch attention from 
an internal to external focus. Hypo-arousal, or emotional numbing associated with decreased activity in 
the left pallidum may be indicative of this deficit. Interestingly, even while this task did not include 
emotional stimuli, we found a significant relationship between the left pallidum and numbing. This 
relationship may be an extension of core affect or mental state of this population. Additionally, these 
findings may be the result of coping mechanisms or “shut down” effect, in part due to stress caused by a 
highly demanding cognitive task. The left pallidum might therefore be directly related to numbing, and 
this relationship may be exacerbated as a result cognitive demands. No other neuroimaging studies of this 
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population have reported significant findings in these regions using similar tasks. However, using an 
emotional congruent/incongruent task, Holtmann et al. (2013) found their clinical population (BPD group 
versus control) activated more in the left pallidum [257] compared with controls to the congruent 
condition suggesting a possible link between interference and the left pallidum. Additionally, in a study of 
stress as is measured by blood pressure readings, individuals who showed larger-magnitude blood 
pressure reactions to the Stroop task on two testing occasions also showed greater Stroop task-evoked 
activation of the posterior cingulate cortex than their lesser blood-pressure reactive counterparts [258]. 
Therefore activation in the PCC could indicate levels of stress during task completion, and we may be 
seeing decreased activation as deficits in selection attention increases due to a ceiling effect. As no studies 
have reported functional activation in the right thalamus during a Stroop task in this population, we may 
infer that these findings are a part of abnormal network connectivity in which the thalamus is central. 
Wagner et al. (2013) found that patients with schizophrenia have an abnormal fronto-cingulo-thalamic 
effective connectivity, and hypothesized that this might be the basis of their cognitive control deficits 
[259]. 
 In conclusion, we observed decreased activation in the pallidum related to increased symptom 
severity as measured by numbing, and decreased activation in the thalamus and posterior cingulate gyrus 
was associated with increased measures of interference. These findings support the hypothesis that 
impaired attentional control constitutes the primary mechanism of impaired emotion regulation and 
affective instability in this population. Moreover, cognitive demands elicited by the Stroop task possess a 
potential to provide information on coping mechanisms, levels of stress and internal control of attention.  
Lastly, the associations found between functional activation and clinical symptoms-neurocognitive 
deficits may provide a framework for future studies to take a network approach for examining abnormal 
neural networks, for example the default mode network (DMN) would be a good candidate as the PCC 
plays a central role with the DMN. 
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Chapter 5- Main Discussion    
5.1 General summary 
Due to the extremely debilitating outcomes of PTSD and mTBI and the common co-existence in 
the veteran population, we investigated neural network functional activation related to PTSD-mTBI and 
examined brain behavior associations with clinical symptom severity and neurocognitive deficits. To date, 
a comprehensive understanding of these conditions at any level, regional or network, has yet to be 
achieved. Therefore, we implemented three functional neuroimaging experiments, applying tasks known 
to recruit core processes found to be deficient in this population, and identified functional properties 
related to clinical symptom severity and associated neurocognitive deficits. The first study explored the 
relationship between functional activation to emotional face stimuli and clinical symptom severity/ 
neurocognitive deficits.  The second study explored the relationship between functional activation to 
emotional face stimuli, working memory, and working memory in the context of emotional face stimuli, 
and clinical symptom severity-neurocognitive deficits. The third study investigated relationships between 
functional activation associated with selective attention as measures by a number Stroop task, and clinical 
symptom severity-neurocognitive deficits. Our experiments identified activation in a variety of brain 
regions that make up dynamic neural networks responsible for specific brain processes. Specifically, 
regional findings represented the following networks: the central executive network, salience network, 
default mode network, and cortico-limbic network. The approach of examining these intrinsic networks 
has been applied to other neuropsychiatric disorders and, not surprisingly, the reported significant 
findings from our studies agree with the idea that the complex nature of PTSD-mTBI is characterized by 
dynamic regional brain activity, which could be further examined using an intrinsic network level 
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approach.  Thus, we will frame the discussion with these networks in mind and begin with an 
overview of the networks that may be involved in our findings.  
The central executive network, for example, is crucial to verbal learning and executive 
functioning [260][261][262] [263] [264][265]. The salience network consists of the dorsal anterior 
cingulate cortex and the fronto-insular cortex and plays a key role in salience detection [266] 
[267][265][129]. The anterior insula is a crucial part of the salience network, as it is thought to mediate 
the engagement of the central executive and disengagement of the default mode network, and thus the 
interplay between externally and internally focused attention and cognitive-affective processing 
[268][265][129]. Lastly, the default mode network, consisting of anterior and posterior medial cortices 
and lateral parietal lobes, plays an important role in self-referential processing, autobiographical memory, 
and social cognition [269][270][271] [272][273][274].  
Several authors have examined central executive network activity during cognitive processing in 
PTSD [275][276]. Using an autobiographical memory retrieval paradigm, PTSD was associated with 
decreased recruitment of two networks identified as DMN-associated (medial temporal lobe and medial 
prefrontal cortex networks) when recalling autobiographical memories [264]. In addition, memories 
recalled in first-person perspective tended to recruit the medial temporal lobe network more than those 
recalled in third person. Finally, increased emotional intensity of the memory was associated with 
increased frontoparietal network activity for healthy controls, but not for PTSD participants [264]. 
Daniels and colleagues (2010) reported significant group differences were found with task-
induced switches (i.e., engaging and disengaging the DMN and the CEN) [263]. Specifically, while 
controls engaged the executive networks required for successful working memory performance, 
individuals with PTSD tended to engage brain regions involved in task-irrelevant processes for example 
self-referential processing (posterior cingulate cortex (PCC) and the right superior frontal gyrus, medial 
prefrontal cortex, and the left parahippocampal gyrus) suggesting a potential key mechanism underlying 
the cognitive dysfunction observed in this population. In contrast, effective recruitment of brain regions 
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associated with self-referential processing during autobiographical memory recall also seems to be 
impaired in PTSD. Taken together, these results suggest alterations in the ability to engage and switch 
between task-relevant (i.e., CEN) and task-irrelevant (i.e., DMN) brain networks during cognitive 
processing among individuals with PTSD, a function that is in turn known to be partly mediated by the 
anterior insula. 
Previous models associated increased anterior insula activation with heightened levels of 
interoception and awareness of bodily arousal during states of emotional undermodulation, including 
reexperiencing and hyperarousal symptoms [72] [277][278][279][69]. However, decreased insula 
activation has been associated with emotional detachment or overmodulation of emotion, hypoarousal, 
and attenuated interoceptive awareness of bodily arousal, such as may be involved during states of 
depersonalization and derealization [72] both of which are accompanied by increased prefrontal inhibition 
of limbic regions [280].  In terms of interoceptive awareness, emotional overmodulation is frequently 
associated with the inability to know what one is feeling or not having words for feelings, symptoms that 
have been shown to be negatively correlated with anterior insula functioning in PTSD [281]. Thus, it is 
possible that differential activation of the insula underlies both emotional over and undermodulation and 
associated alterations in interoceptive awareness in PTSD. Studies have also reported alterations in DMN 
and SN regions in PTSD, suggesting an alteration within the interaction among large-scale brain 
networks. 
5.2 Summary of brain-behavior associations in the context of affective face processing 
5.2.1 Affective Face-Matching Task: affective processing 
 Our findings from the emotional face-matching task highlighted fusiform and limbic system 
activation to emotional faces. The directions of our findings, however, are contrary to what we expected. 
We found that decreased activation in these regions related to increased measures of symptom severity. 
Specifically, decreased activation to faces in the fusiform gyrus, right hippocampus, right amygdala, and 
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left hippocampus was associated with symptoms of re-experiencing; decreased activation in the fusiform 
was related to increased measures of anger and violence; and decreased fusiform and left hippocampal 
activation were related to greater overall PTSD symptom severity.  
It is possible that veterans with PTSD-mTBI have increased baseline activity as symptom severity 
increases and therefore, as a result of a heightened baseline, patients with more severe symptoms, 
especially representative of affective deregulation, show a smaller increase in activation in response to 
task stimuli. The difference between symptom domains in the extent of the associated limbic regions may 
also suggest that separate symptom domains are related to disruption of different affective processes. 
Interestingly, activation in the fusiform was associated with all significant correlation results from this 
task condition. Findings in these limbic regions may support deficits in appropriate affective judgments or 
failure to appropriately encode and retrieve affective information in memory, which are hallmark 
symptoms of PTSD. 
5.2.2 Affective 1-back Task: affective processing 
 Our results from the [Face>Object] condition of the affective 1-back task highlighted increased 
activation in the cortico-limbic system and core regions in the DMN, CEN, and SN networks correlated 
positively with clinical symptoms and neurocognitive measures. Our findings from the affective condition 
of the 1-back working memory task suggest that increased measures of impulsivity are associated with 
increased activity, mostly in regions implicated in emotion such as anterior cingulate, medial prefrontal 
cortex, insula, right amygdala, and inferior frontal gyrus. Impulsivity may play a role in the disruption of 
affective processes related to these networks, and it may be that in PTSD-mTBI this network behavior 
characterizes the experience of chronic impulsivity.  
Additionally, activation in the anterior and posterior cingulate, inferior frontal gyrus, orbitofrontal 
cortex, insula, and right amygdala was associated with increased verbal working memory performance. 
These results may suggest that the face stimuli used in this task enhanced executive performance. 
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Alternatively, these findings may suggest that not only are executive networks required for successful 
working memory performance, but that brain regions involved in task-irrelevant processes are also 
engaged. This may suggest that we are seeing alterations in the ability to engage and switch between task-
relevant and task-irrelevant brain networks during cognitive and emotional processing.   
5.3 Summary of brain-behavior associations in the context of executive function: working memory 
and selective attention.  
5.3.1 Affective 1-back Task: working memory 
Our findings during the working memory component of the affective 1-back working memory 
study suggest that impulsivity is associated with reduced activity in the anterior cingulate gyrus, medial 
PFC, insula, left hippocampus, and right amygdala. Involvement of the cortico-limbic system during this 
task condition may suggest constant heightened network activity related to deficits in engaging and 
disengaging appropriate networks.  Our findings also suggest that interference is associated with reduced 
activity in the left amygdala and measures of verbal working memory are associated with reduced activity 
in the anterior cingulate gyrus, inferior frontal gyrus, middle frontal gyrus, and right hippocampus. 
Relationships between activation during this executive component and neurocognitive variables confirm 
the isolation of the executive component of this task. Interestingly, interference was correlated with the 
left amygdala and verbal working memory with the anterior cingulate, inferior frontal gyrus, middle 
frontal gyrus, and right hippocampus. In response to conflict, we found activation of the ACC and of the 
amygdala for emotional stimuli [282]. 
PTSD symptomology was associated with increased activity in the right superior/middle frontal 
gyrus during tasks relative to view trials. At first glance, these findings appear inconsistent with three 
previous studies that found reduced recruitment of frontal cortical regions in PTSD patients relative to 
healthy controls and as a function of increased PTSD symptom severity [239][241]. Some studies 
examining trauma-exposed controls found enhanced recruitment in the MFG, suggesting that enhanced 
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recruitment may represent a trait conferring some resilience. More critically however, any explanation 
based on participants being trauma controls does not explain the significant positive relationship between 
symptom severity and the recruitment of regions associated with top-down attention or why symptom 
severity should mediate the association between recruitment of these regions and task performance. We 
hypothesize instead that these data reflect a compensatory response. Part of this compensatory response 
may reflect “a lower cognitive threshold for needing to recruit middle frontal regions during cognitive 
tasks” in part to be expected since these are regions in the CEN but also in the DMN and SN [283].  
5.3.2 Number Stroop Task: selective attention 
 Findings from the number Stroop task suggest that reduced posterior cingulate gyrus (PCC) and 
right thalamus activity, both of which are highly connected, is associated with interference. These 
findings suggest associations between deficits in internally focused attention and selective attention.  The 
PCC is a complex structure associated with multiple functions, including the posterior default mode 
network or resting state network and task integrations that include visual-spatial imagery, episodic 
memory retrieval, and social cognition.  Lower PCC activation may mean that additional deactivation of 
the resting state network is needed to focus more attention on the task, and findings that may suggest 
increased vulnerability to the influence of emotion during executive functions. Network level-analyses 
and the implementation of an affective Stroop task could provide a window into these suggestions. In 
addition, reduced left pallidum activity was related to increased measures of numbing. While no PTSD or 
mTBI studies have reported pallidum functional activation to a selective attention tasks, social avoidance 
and repetitive behaviors have been explained by pallidum asymmetry in ASD [284], suggesting a possible 
link between pallidum hypo activity and social and emotional processing deficits. 
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5.4 Summary of brain-behavior associations in the context of combined executive function and 
affective face processing 
5.4.1 Affective 1-back Task: working memory and affective processing  
When we investigated brain-behavior relationships during both executive function and affective 
face processing, we found that interference was associated with reduced activation in the posterior 
cingulate gyrus, left hippocampus, right hippocampus, and right amygdala; avoidance with reduced left 
hippocampus activity; numbing with decreased inferior frontal gyrus activity; and decreased medial PFC 
and fusiform gyrus activity to verbal working memory performance. These findings suggest there is 
greater recruitment in affective circuitry and reductions in task-relevant activations during the completion 
of an executive task in the context of emotional stimuli, as it relates to increased symptom severity. These 
findings could represent the interference of emotional stimuli on executive function on the neural level, 
where more neural resources are devoted to emotional face processing than those attributed to the 
working memory component. It is important to note however, that participants did not do any worse 
during this task condition.   
Specifically, reduced activation in the hippocampus could be the result of sensitivity to stress, in 
other words blunted hippocampal response may indicate sensitivity to stress. Studies have shown that in 
early stages of stress, enlarged hippocampal volume or increased activation is seen, while long-term 
chronic stress results in hippocampal atrophy and loss of function. Alternatively, underlying hippocampal 
dysfunction may lead to stress and PTSD, as the hippocampus is the prime inhibitor of the HPA axis.  
Therefore, these findings could provide information about suffering from long-term chronic stress and 
effects on the brain. Lastly, decreased activation in the dmPFC is consistent with previous findings in 
PTSD. Previous findings in PTSD demonstrated decreased medial prefrontal cortex activation in response 
to aversive stimuli, including fearful faces, as was shown in our study. 
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These findings could be interpreted as emotions taking the cognitive processing system off-line 
[285]. We may conclude that these effects are small, which is why there was no effect on accuracy or 
performance. These findings may also suggest compensatory activation that is somehow preserving goal-
directed behavior while also processing emotional information. Because significant coping and symptom 
associations are specific to PTSD-mTBI, the magnitude of the relationships and context in which they 
appear could be the type of information important for understanding individual neural profiles and their 
associations with different symptoms; this understanding would therefore improve individualized 
treatment options. Our findings support the idea that coping with emotional distraction entails interactions 
among brain regions responsible for detection/inhibition of emotional distraction (IFG, AMY) and the 
processing of emotional stimuli and emotional memories (PCC, HC) [232]. Moreover, these findings 
suggest executive attentional dysfunction secondary to emotional distraction, which may lead to 
impulsive decision-making during states of high emotion. As our data show enhanced activations under 
emotional distraction, it aligns with the hypothesis that task-specific activation is boosted to overcome 
potential distraction. 
5.5 Main Conclusion 
These findings suggest that the state of chronic hyperarousal and re-experiencing of traumatic 
events in PTSD effectively keeps veterans with PTSD-mTBI at ceiling, where global hyperactivity may 
effectively limit the number of different states of activation, therefore resulting in reduced local activity 
and variability in response to behavioral tasks. The re-experiencing phenomena and affective sequelae in 
combat-related PTSD-mTBI may result from brain networks becoming “stuck” in configurations that 
reflect memories, emotions, and thoughts that originate from the traumatizing experience(s). This theory 
provides neurophysiological evidence that PTSD-mTBI is a disorder of fear learning and fear 
conditioning, whereby the re-experiencing of traumatic events arises from frequent reactivation of fear 
circuits.   
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Furthermore, our findings suggest that the chosen experimental tasks induce functional correlates 
of a variety of clinical symptoms, cognitive deficits, and measures of affective dysregulation. These 
relationships are diverse enough such that it may be imperative to examine individual differences in this 
population and create individualized treatment plans from this information. Most notably however, is that 
verbal working memory, impulsivity, and DKEFS-interference were most consistently associated with 
network activity. Only during the combined condition executive function and affective processing did we 
see associations with PTSD symptoms related to coping mechanisms (avoidance and numbing). This 
could be because this task is closest to real-world situations where the processes often compete, and may 
indicate that this is when this population is most vulnerable and where the neural circuits get over-exerted 
and attend to and process non-threatening stimuli as if it were threatening.   
In conclusion, our findings suggest that clinical symptoms and neurocognitive deficits are 
associated with relatively broad changes in functional activation throughout the brain and that these 
changes are associated with cortico-limbic, and possibly default mode, salience and central executive 
networks. Furthermore, individual symptom domains are associated with changes in functional activity 
within these networks and that the patterns of these associations differ between individual symptom 
domains. These findings contribute to growing evidence that PTSD and mTBI are network-level disorders 
that affect multiple aspects of neural information processing, dynamics, and communication. By 
continuing to explore specific features including functional connectivity, it should become possible to 
further articulate the mechanisms underlying these disorders. Moreover, insight about neural information 
processing and communication dynamics gained from clinical populations may ultimately help further 
appreciate their importance in the context of healthy brain function. 
5.6 Future Directions and Implications 
  Our research indicates that different PTSD-mTBI symptom profiles may have different neural 
signatures and that characterizing intrinsic connectivity networks is a logical best next step. An eventual 
goal of this research would be to use neurocircuitry profiles to determine what form of treatment would 
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be most appropriate for individual patients. Another important direction would be to determine the origin 
of functional abnormalities; that is, do they represent familial risk factors for developing PTSD-mTBI or 
are they acquired signs that occur after PTSD’s and mTBI’s appearance? If amygdala hyper-responsivity, 
for example, is found to be a familial trait that increases risk for developing PTSD, then hyper-
responsivity in the amygdala could be used to screen those likely to experience trauma, such as military 
and police officer recruits. However, if amygdala hyper-responsivity is found to be an acquired 
characteristic of PTSD, it could become the target of treatments and a potential biologic marker of 
symptomatic improvement. The field is, in general, searching for biological markers in anxiety and mood 
disorders, and the amygdala and mPFC have simply been logical places to start. In addition, even if such 
biological markers for PTSD-mTBI are found, they may be less effective than other clinical data that are 
obtained more easily and cost-effectively. Continued research is needed to better understand the roles of 
the brain regions and connectivity patterns involved in the neurocircuitry of PTSD-mTBI and to clarify 
the origin and potential clinical implications of the regions’ and networks’ functional abnormalities.  
 Methods such as DTI and resting-state and task-based functional connectivity analyses are critical 
for further understanding the neural profiles of co-morbid PTSD and mTBI. It is possible that these 
differential patterns of task-based activity are related to significant group connectivity differences that are 
modulated by symptom severity and cognitive and affective conditions.  For example, Daniels and 
colleagues (2010) and Lanius et al (2015) showed that during a working memory task, a PTSD group had 
stronger connectivity with areas implicated in the DMN (specifically, enhanced connectivity between the 
medial prefrontal cortex and the left parahippocampal gyrus) while controls showed significantly stronger 
connectivity within areas implicated in the CEN, including the right inferior frontal gyrus and the right 
inferior parietal lobule [286] [287]. Decreased resting-state connectivity within the CEN has also been 
found between PTSD participants and trauma-exposed controls during an emotional face-viewing 
paradigm, with decreased connectivity between frontoparietal regions within a CEN component 
associated with trauma history and with PTSD symptoms [288].  Additionally, positive correlations 
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between frequency of dissociative experiences and DMN connectivity with the dorsolateral prefrontal 
cortex [289] have also been reported. These positive correlations suggest that dissociative experiences 
may involve alterations in the relationship between the DMN and CEN, which may relate to difficulties 
switching between DMN and CEN. Therefore, we could propose to take a network level approach using 
different methods but similar neuroimaging task paradigms to gain a different perspective on the brain-
behavior associations in this population.  
In addition to CEN abnormalities in PTSD, studies have demonstrated connectivity alterations 
among brain areas related to the SN, such as between the anterior insula and other SN regions, including 
the amygdala [288][88][108][175]. These studies suggest that altered connectivity within the SN may 
result in a change in threat-sensitivity circuits, contributing to the hypervigilance and hyperarousal 
symptoms in PTSD. Therefore, we could propose to examine how these symptoms relate specifically to 
SN connectivity.  Finally, evidence is emerging that altered resting-state connectivity between key 
regions of the DMN and regions associated with the SN, including the amygdala and anterior insula, may 
be a prognostic indicator of PTSD symptomatology [290][229]. All in all, these findings highlight 
promising directions using the approach of answering further research questions by examining major 
intrinsic networks’ connectivity based on the findings of our region-based activation analyses.  
 The significance of examining neural correlates of comorbid PTSD-mTBI lies in the potential 
that the scientific and medical community would be able to better identify measureable characteristics that 
reflect the presence of a disease state, ie biomarkers. Isolating biomarkers can potentially provide insight 
into the following: (i) risk, (ii), diagnosis/trait (iii) state or acuity, (iv) stage, (v) treatment response and 
(vi) prognosis of clinical diagnoses, all of which can aid in the improvement upon and development of 
treatments [292]. Additionally, understanding these mechanisms may help clinicians to prevent the long-
term biological consequences of exposure to both mental and physical stress, which may be primary 
precursors to the development and diagnosis of not only PTSD and mTBI, but also many other 
neuropsychiatric disorders. Another important direction for research would be to use biomarkers to 
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predict treatment response in PTSD-mTBI. Therefore, identifying the underlying mechanisms of 
symptoms and cognitive deficits may improve medical treatment for PTSD-mTBI and PTSD and mTBI 
separately, and help to elucidate the etiology of the disorders. 
Our findings highlighted individual differences, and were a novel finding in these studies. Future 
investigation into these regions as networks may help elucidate the underlying neurobiology. To do this, 
we could employ tasks that specifically target symptoms and perhaps more interestingly, we could 
attempt to measure whether neurocognitive deficits predict clinical symptom severity through the use of 
computational modeling and machine learning. Such a study could be carried out using only behavioral 
and clinical data, however an analysis that attempts to use resting state connectivity and/or functional 
activity during for example symptom provocation along with behavioral data and clinical data would 
ultimately allow us to explore the relationship between clinical symptoms, sensory neurocognitive 
deficits, and connectivity and activity in intrinsic networks. 
Ultimately, many of the symptoms and neurocognitive deficits associated with PTSD-mTBI are 
shared by other psychiatric disorders. Therefore, determining whether the neural correlates of these 
symptoms are shared between disorders would ultimately be an important step in understanding the 
biological features of psychiatric illness. 
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